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ABSTRACT 
 Accumulating evidence from epidemiological, wildlife, and laboratory studies 
indicates that abnormalities of reproduction, development and physiology can be ascribed 
to environmental contaminants with biological activities. Many such contaminants 
disrupt essential hormone-regulated processes by virtue of their ability to interact with 
nuclear hormone receptors (endocrine disrupting chemicals, EDC). Of particular concern 
are chemicals that mimic or block estrogen signaling (xenoestrogens, XE) through their 
direct interaction with estrogen receptors (ER). The current model of XE action focuses 
on disrupted transcriptional activity, as measured by changes in the expression of ER-
regulated genes. However, transcription is tightly coupled to splicing, by which a single 
target gene transcript is processed to multiple structurally and functionally different 
mRNAs. In theory, any XE that interacts with ER to regulate transcription has the 
potential to disrupt splicing, thereby affecting not only mRNA quantity but also quality. 
To address this hypothesis, alternative splicing of the gene encoding ERα (esr1), itself an 
estrogen responsive gene, was investigated. In these studies, killifish (Fundulus 
heteroclitus), an environmentally relevant species, and zebrafish (Danio rerio), an 
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advantageous laboratory fish model, were used. First, the occurrence of ERα splice 
variants in adult tissues, in developing embryos and in response to estrogens in the two 
species was documented. Additionally, the effects of long-term, multigenerational XE 
exposure on ERα splicing were examined in two killifish populations, one from an 
estrogenic (polluted) site and a second population from a reference (unpolluted) site. A 
subset of ERα variants from killifish was expressed in cell culture to document their 
transcriptional activities. To determine the in vivo relationship between estrogen 
responsiveness and an ERα splice variant of interest, esr1 splicing was experimentally 
altered in living embryos by microinjecting morpholino oligonucleotides, and changes in 
induction of a panel of estrogen responsive gene targets were measured as markers of 
effect. These results provide evidence that dysregulation of mRNA processing is also a 
mechanism of XE action, and suggest that resultant ERα splice variants mediate the 
short-term effects of estrogen disruption and are also part of the adaptive response to 
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CHAPTER ONE: General Introduction 
Background and Significance 
Endocrine disruptor hypothesis 
By the early 1990s there was a significant increase in scientific concern over the 
effects of man-made chemicals on endocrine signaling, culminating in a consensus 
statement from a Wingspread work session devoted to the topic, and the coining of the 
term “endocrine disruptor” (Colborn and Clement, 1992). Endocrine disrupting chemicals 
(EDCs) have been defined by the US EPA as, “an exogenous agent that interferes with 
the synthesis, secretion, transport, binding, action, or elimination of natural hormones in 
the body which are responsible for the maintenance or homeostasis, reproduction, 
development and or behavior” (Kavlock et al., 1996). Since then, the detrimental effects 
of EDCs have been demonstrated in both human and wildlife populations (Diamanti-
Kandarakis et al., 2009; Hotchkiss et al., 2008). 
EDCs as a group represent a large and diverse group of chemicals ranging from 
industrial byproducts (polychlorinated biphenyls, PCBs; dioxins), plastics (bisphenol A, 
BPA; phthalates), personal care products (parabens; triclosan), pesticides 
(dichlorodiphenyltrichloroethane, DDT), and pharmaceuticals (diethylstilbestrol, DES; 
ethinyl estradiol, EE2). Exposure to many of these chemicals is nearly ubiquitous 
amongst human populations; for example, data from the National Health and Nutrition 
Examination Survey determined that BPA was detected in the urine of 92.6% of the 
~2500 participants (Calafat et al., 2008). Further, many of these compounds have long 
half-lives (Doick et al., 2005), and tend to bioaccumulate in higher food chain animals 
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(Geyer et al., 2000), allowing for their persistence within the environment even decades 
after their use was banned.  
The study of endocrine disrupting chemicals has proved challenging given that 
many exhibit effects at exceptionally low doses, and in many cases the dose-response 
curves are non-monotonic (Vandenberg et al., 2012). Further complications arise given 
that EDCs occur in the environment as complex mixtures that may allow for functional 
interactions among different pathways, and synergistic effects not seen when analyzed 
individually (Kortenkamp, 2007). Particularly alarming is the fact that toxic effects can 
have long latency periods, or occur only after cumulative or multigenerational exposures, 
and result in genetic and epigenetic changes that are expressed only in succeeding 
generations (Anway et al., 2005). It is clearly vital to have an understanding of how 
EDCs operate at both physiological and molecular levels in order to prevent further 
danger to both human and wildlife populations. 
Estrogen signaling 
While typically thought of as a female-specific reproductive hormone, estrogen 
actually plays a large role in the control of many cellular and developmental processes in 
both sexes (Heldring et al., 2007). Changes in the hormonal levels of estrogen have been 
implicated in many human diseases such as breast and prostate cancer, 
neurodegeneration, cardiovascular disease, and osteoporosis in addition to reproductive 
dysfunction (Burns and Korach, 2012; Deroo and Korach, 2006). As such, disruption in 
estrogen homeostasis has the potential for significant and wide-ranging adverse effects. 
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The regulation of estrogen signaling has two main components that are highly 
conserved amongst all vertebrates. Estrogen is synthesized via the conversion of 
testosterone by cytochrome P450 aromatase, and released into the blood. Upon reaching a 
target tissue estrogen readily diffuses across the cell membrane and binds to an estrogen 
receptor (ER). The ER then dimerizes before interacting with an estrogen responsive 
element (ERE) in the promoter of a target gene and regulating transcription. In addition 
to the canonical mechanism of action of estrogen signaling, ER can indirectly activate 
transcription through protein-protein interactions with other transcription factors 
(Gottlicher et al., 1998), or through non-genomic pathways (Bjornstrom and Sjoberg, 
2005; Heldring et al., 2007).  
The complexity of estrogen signaling is also augmented by the presence of 
multiple ER genes. Humans and most other vertebrates have two ER isoforms (α/β), the 
products of two different genes (esr1 and esr2), which are differentially expressed by 
tissue type, and display distinct roles and ligand affinities (Couse and Korach, 1999; 
Kuiper et al., 1997; Kuiper et al., 1998). Further, ERα and ERβ can form both homo- and 
heterodimers (Chakraborty et al., 2012). Like other members of the steroid receptor 
superfamily, ERα and ERβ are both large modular proteins with multiple conserved 
functional domains (A–F): the constitutively active, activation function 1 (AF-1, A/B) at 
the N-terminus; the DNA- (DBD, D) and ligand-binding (LBD, E) domains; and the 





Xenoestrogens and endocrine disruption of estrogen signaling 
 There are two main classes of EDCs that disrupt estrogen signaling: 
xenoestrogens (XE) and dioxin-like chemicals (DLC). XEs include chemicals such as 
BPA, DDT, methoxychlor, and phthalates, which are found in many insecticides, 
plasticizers, and other industrial chemicals. They act as disruptors through their ability to 
bind to ER, thus interfering with the ability of endogenous estrogen to regulate gene 
expression (Mueller, 2004). On the other hand, DLCs predominantly include PCB 
congeners found in coolants and insulating fluids, adhesives, plasticizers, and flame-
retardants. They disrupt estrogen signaling indirectly through their interaction with the 
aryl hydrocarbon receptor (AhR), which has been shown to inhibit ER (Matthews and 
Gustafsson, 2006; Safe and Wormke, 2003; Swedenborg and Pongratz, 2010).  
 Incidences of endocrine disruption of estrogen signaling in wild populations are 
numerous. In particular, there is significant evidence that exposure to sewage discharge 
or factory effluents causes reproductive dysfunction and feminization in a wide range of 
fresh-water fish species both in Europe and North America (Jobling and Tyler, 2003; 
Sumpter, 1995). In frogs, the herbicide atrazine was shown to induce hermaphroditism 
and demasculinization through its induction of aromatase activity (Hayes et al., 2002). 
Lastly, in Baltic gray seals, exposure to PCBs and DDT was implicated in reduced 
reproduction rates and increased prevalence of uterine fibroids (Backlin et al., 2003). 
 Further, there is evidence that XE exposures play a role in many human diseases 
(Lee et al., 2013). Most famously, in utero exposure to DES, which was prescribed to 
prevent miscarriage and premature labor, led to a significantly increased risk of clear cell 
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adenocarcinoma of the lower genital tract (Herbst et al., 1971). Examples from animal 
models have demonstrated that exposure to BPA during early development in rodents 
increases the susceptibility of precancerous lesions of both the breast and prostate (Ho et 
al., 2006; Murray et al., 2007). Also, epidemiological studies have shown that exposure 
to PCBs or polycyclic aromatic hydrocarbons (PAH) is associated with breast cancer 
(Brody et al., 2007).  
Alternative splicing 
Most work on XE and DLCs has focused on transcriptional changes in the levels 
of estrogen receptors and aromatase, and the resulting alterations in the expression of 
downstream target genes. However, recent advances in molecular biology have 
demonstrated that alternative processing of pre-mRNA transcripts allows for the 
generation of multiple diverse mRNA transcripts. These transcripts can differ not only in 
the functionality of the proteins translated from them, but also in their own translation 
efficiency and stability. Recent transcriptome sequencing studies have estimated that in 
humans ~92% of multiple-exon genes have at least one biologically significant 
alternatively spliced variant (Wang et al., 2008). However, the effect of this large amount 
of diversity on the proteome and the regulatory mechanisms controlling it remains poorly 
understood (Nilsen and Graveley, 2010). With the current gene expression-centered 
approach it remains to be seen whether EDCs, in addition to their transcriptional effects, 
also promote changes in alternative splicing events. 
Studies on the relationship between steroid hormones and alternative splicing 
decisions have demonstrated that the steroid receptors (including ER) can coordinately 
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regulate both transcription and alternative splicing of target genes (Auboeuf et al., 2004; 
Auboeuf et al., 2002). Additionally alternative pre-mRNA processing frequently affects 
the genes encoding aromatase and both ERs. In humans, both ERα and ERβ have 
multiple promoters (eight and two, respectively), each with a different untranslated first 
exon (Hirata et al., 2001; Koš et al., 2001). For ERα these promoters impart some level of 
tissue specificity given that the promoters that are more proximal to the translation start 
site are primarily used in tissues that express higher levels of ERα, whereas more distal 
promoters are used in tissues with lower ERα levels (Herynk and Fuqua, 2004). 
Similarly, in humans, aromatase also has ten distinct promoters, each corresponding to a 
separate untranslated first exon with an even greater level of tissue specificity than seen 
in the ERs (Bulun et al., 2004). There have also been reported to be an increasingly large 
number of alternative splicing events with in the coding regions of both ERs, resulting in 
proteins lacking one or more of the five functional domains (Poola et al., 2000; Poola et 
al., 2002). Many of these variants have altered transcriptional activities, ligand binding 
ability, or protein localization (Herynk and Fuqua, 2004; Taylor et al., 2010). Splice 
variants within the coding region of aromatase are much more rare, and only one has thus 
far been identified in humans. This variant is translated into protein, but has no aromatase 
activity (Pepe et al., 2007). 
Splicing variants of the ERs and aromatase have been implicated in many 
different disease phenotypes: breast cancer (Agarwal et al., 1996; Girault et al., 2004; 
Poola and Speirs, 2001; Utsumi et al., 1996), uterine cancer (Witek et al., 2007), prostate 
cancer (Fujimura et al., 2001), psychiatric illness (Weickert et al., 2008), and Alzheimer’s 
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disease (Ishunina and Swaab, 2008; Ishunina and Swaab, 2009). It is clear then that if 
EDCs can alter the quantity and/or quality of alternatively spliced transcripts of ERs and 
aromatase, that the negative consequences for both humans and wildlife could be quite 
severe. However, it also remains a possibility that after long-term exposure to EDCs an 
organism could develop resistance, and this resistance, if it confers a selective advantage 
on the host, could become a heritable trait. It has been suggested that alternative mRNA 
splicing plays a role in environmental adaptation (Babushok et al., 2007; Schulte, 2004), 
however this phenomenon has not been well studied.  
Fish as environmental sentinels and laboratory models 
 Fish have historically been important models in the fields of toxicology and 
endocrine disruption. They share many of the same endocrine pathways as other 
vertebrates, including steroid hormones and receptors that are structurally similar to 
humans and other mammalian species, with the added benefit of large embryo clutches 
with ex utero development. Further, fish and other aquatic organisms are arguably the 
most at risk for EDC exposure given that waterways are often the final destination for 
many pollutants, due to either runoff from land and water further upstream or direct 
disposal of industrial wastes. 
 A particularly useful fish model is the Atlantic killifish (Fundulus heteroclitus). 
Killifish, also known as the mummichog, are non-migratory, teleost fish that have been 
widely used in many ecological and toxicological studies (Burnett et al., 2007; Eiseler, 
1986). Killifish have many advantages that make them ideal for the study of endocrine 
disruption. They are a relatively widespread species, inhabiting estuaries along the 
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eastern seaboard of the United States and Canada, and are one of the most abundant fish 
at many of these sites. Despite this, killifish have rather high site fidelity, normally 
traveling less than 200 m (Skinner et al., 2005). Killifish are also extraordinarily hardy; 
they can withstand thermal variations within their geographical distribution from 10 °C to 
23 °C (Powers and Place, 1978), a wide range of salinities from fresh to salt water 
(Griffith, 1974), and low dissolved oxygen concentrations (Smith and Able, 2003). This 
adaptability in conjunction with their relatively small size (12-18 cm in length) makes 
them highly amenable to laboratory maintenance. Killifish exhibit seasonal, semilunar 
reproductive cycles, which are preserved even in captivity, allowing for the predictable 
production of embryos (Hsiao et al., 1994; Hsiao et al., 1996; Taylor, 1986). Killifish 
embryos are large (2 mm in diameter), hardy, and develop quickly, hatching in ~ 10 days 
post fertilization allowing for further study of developmental effects of EDC exposure 
(Armstrong and Child, 1965). 
 Most importantly, killifish have demonstrated a remarkable ability to tolerate 
highly polluted environments. Killifish populations resident in polluted environments in 
New Bedford Harbor, MA (NBH) (Bello et al., 2001; Nacci et al., 1999), Newark, NJ 
(Prince and Cooper, 1995), Elizabeth River, VA (Meyer and Di Giulio, 2002) and 
Bridgeport, CT (Nacci et al., 2010) have all demonstrated resistance to PCBs, polycyclic 
aromatic hydrocarbons (PAH), 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), and other 
AhR ligands. This tolerance has been measured both by increased larval survival and 
decreased cytochrome P4501A (CYP1A) induction, as measured by ethoxyresorufin-O-
deethylase (EROD) activity, and is heritable in F2 generation larvae (Figure 1-1) (Nacci 
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et al., 2010). This resistance is ascribed not only to changes in CYP1A, but also to a 
genome-wide disruption of AhR signaling (Oleksiak et al., 2011; Whitehead et al., 2010). 
While the exact mechanism of this disruption remains to be determined (Aluru et al., 
2011; Arzuaga et al., 2004; Hahn et al., 2004), recent evidence points to selection at 
single nucleotide polymorphism (SNP) loci in AhR and CYP1A (Proestou et al., 2014; 
Reitzel et al., 2014). 
Estrogen signaling in fish 
 While humans and other mammalian species have one aromatase as the product of 
a single gene (cyp19), teleost fish have two aromatase isoforms (AroA and AroB), which 
are the products of two separate genes (cyp19a and cyp19b), display differential tissue 
specificity (AroA predominating in ovary and AroB predominating in brain) and 
induction by estrogen (restricted to AroB) (Kishida and Callard, 2001; Kishida et al., 
2001; Pasmanik et al., 1988; Tchoudakova and Callard, 1998). Similarly, while teleost 
fish have only one ERα (esr1), they have two ERβ isoforms (βa and βb), products of two 
different genes (esr2a and esr2b) (Bardet et al., 2002; Hawkins et al., 2000). These three 
ER isoforms display distinctive tissue specificities, ligand binding, and are differentially 
regulated (Hawkins and Thomas, 2004; Menuet et al., 2004; Menuet et al., 2002). In 
particular, it is well established that the gene encoding ERα is estrogen responsive and a 
direct target of hormonal estrogen action (Nelson and Habibi, 2013). 
Consistent with studies in rodents and humans, alternatively spliced ERα variants 
have been identified in several fish species, some of which are orthologous to mammalian 
forms: for example, blue tilapia (Tan et al., 1996), rainbow trout (Pakdel et al., 2000), 
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channel catfish (Patino et al., 2000; Xia et al., 1999), mangrove rivulus (Seo et al., 2006), 
sea bream (Pinto et al., 2012).  In rainbow trout, alternative use of multiple transcription 
and translation start sites results in both an N-terminally truncated, short ERα isoform 
lacking the A domain and a full-length, long isoform. These two isoforms differ 
significantly in their tissue distribution and transactivating properties (Menuet et al., 
2001; Metivier et al., 2000; Pakdel et al., 2000).  
In addition to AroB and ERα (see above), another widely studied estrogen 
response gene in fish is vitellogenin 1 (Vtg), an egg yolk protein highly expressed in the 
liver of reproductively active female fish. Because of its sex and seasonally specific 
expression, aberrant Vtg expression in males in particular is the most popular biomarker 
for exposure to estrogenic contaminants (Muncke and Eggen, 2006; Sumpter and Jobling, 
1995). The promoters of all three genes in fish have been shown to contain at least one 
imperfect estrogen response element (ERE), and several ERE half sites (Menuet et al., 
2004; Tchoudakova et al., 2001; Teo et al., 1998). Morpholino knockdown of the three 
ER isoforms in zebrafish has demonstrated that the upregulation of both ERα and Vtg in 
response to estrogen is mediated by both ERα and ERβb, while the upregulation of AroB 
is mediated exclusively by ERβb (Griffin et al., 2013). 
Endocrine disruption of estrogenic signaling in killifish from NBH 
 To assess the effects of long-term EDC exposure on estrogen signaling we have 
utilized the NBH killifish population described above. NBH is located on Buzzards Bay, 
about 50 miles south of Boston (Figure 1-2). NBH has a long history of pollution since 
the early 1940’s with exposure to PCBs, heavy metals, and other industrial wastes 
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released by two capacitor-manufacturing facilities located nearby. When it was declared 
an EPA Superfund site in 1982, NBH was one of the sites with the highest level of PCB 
sediment contamination, and by far the one with the greatest environmental effects 
(Weaver, 1984). Hydraulic dredging of hotspots with the most contamination was 
undertaken in 1994, followed by full-scale dredging efforts commencing in 2004; 
however, less than 25% of the contaminated sediment has been removed 
(www.epa.gov/nbh). As PCBs have a high propensity to bioaccumulate in marine 
organisms there have been severe restrictions on fishing and lobstering in the harbor 
since 1979, much to the detriment to the local economy. 
 In addition to the known toxic effects of the PCB contamination in NBH, work in 
our lab has demonstrated that the pollution at that site is estrogenic. NBH killifish males 
and reproductively inactive females significantly overexpress both AroB and Vtg 
mRNAs when compared to fish from a clean reference site (Scorton Creek, MA; SC) (see 
Figure 1-2) (Greytak et al., 2005). Reproductively active females on the other hand 
display evidence of a decrease in estrogen signaling, which could be a consequence of 
excess negative feedback on the hypothalamic-pituitary-gonadal axis. Consistent with 
this interpretation, as compared to their SC counterparts, reproductively active females 
from NBH show significantly reduced expression of Vtg and ERα in the liver, brain, and 
ovaries (Greytak and Callard, 2007; Greytak et al., 2005). They also exhibit significantly 
reduced gonadosomatic and hepatosomatic indices, and have significantly lower 
circulating plasma estrogen levels (318 pg/mL vs. 755 pg/mL) (Greytak et al., 2005). 
Despite all these alterations, the NBH killifish population remains reproductively 
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competent; the onset and regression of seasonal reproductive activity is unchanged, as is 
the normal semilunar spawning cycle, and they continue to produce viable embryos 
(Black et al., 1998; Greytak et al., 2005) 
 Analysis of developmental mRNA expression in NBH also points to an estrogenic 
environment, as embryos/larvae overexpress ERα mRNA by ~5-fold as compared to SC 
(Figure 1-3) (Greytak and Callard, 2007). This result is particularly unusual given that the 
expression of the other estrogen responsive genes AroB and Vtg were not elevated in 
these embryos/larvae (Greytak et al., 2010). Further, despite this overexpression of ERα, 
when these same larvae were treated between 15 and 18 days post fertilization (dpf) with 
increasing amounts of estrogen they demonstrated reduced sensitivity in the upregulation 




Given this information, we hypothesize that long-term exposure to estrogenic 
EDC in NBH has altered the splicing of pre-mRNA transcripts of ERα in those fish. 
Further, this differential splicing results in the production of receptors with altered 
functionality, and which are mediating the estrogen resistant phenotype exhibited by 
NBH embryos/larvae. 	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Objectives and Thesis Overview 
1. To examine the prevalence and character of alternative splicing of ERα in fish; 
2. To determine how alternative splicing of ERα is altered in response to long-term 
EDC exposure in killifish from NBH and in response to short-term exposure to 
estrogens in zebrafish and killifish; and 
3. To assess the how alternatively spliced ERα variants alter estrogen 
responsiveness.  
In Chapter 2 we initially examined alternative splicing of ERα in zebrafish, a 
more common model organism with the benefit of a sequenced genome, and continuous 
breeding, as opposed to killifish. We cloned six alternatively spliced ERα mRNAs, which 
were differentially expressed by tissue-type, sex, stage of development, and exposure to 
estrogen and estrogen-like EDCs. Aided by our work in zebrafish, in Chapter 3 we 
describe the identification of nineteen alternatively spliced ERα variants in killifish. A 
subset of these variants was further examined, and in adult killifish they displayed 
differential expression by site, tissue-type, sex, seasonal reproductive status, and in 
response to estrogen. We then further investigated correlations between the expression of 
these variants and the differential induction of estrogen responsive genes in NBH adult 
fish. In Chapter 4 we characterized expression of these alternatively spliced ERα variants, 
this time in NBH embryos in response to estrogen treatment. We also examined the 
heritability of the estrogen resistance in F2 and F3 generation NBH embryos. Lastly, we 
analyzed the transcriptional activity of the killifish ERα variants, and how the induction 





Figure 1-1. Killifish from multiple polluted sites demonstrate resistance to 
3,3’,4,4’,5-pentachloro biphenyl (PCB126) as measured by embryonic survival and 
EROD activity in F1 and F2 generations. 
 
Survival of F1 generation embryos following exposure from 0-7 dpf is indicated by black 
circles, survival of F2 generation embryos is indicated by gray circles. EROD activity in 
F2 generation embryos, measured as optical density (OD) is indicated by white triangles. 
Data represents mean +/- SEM for 2-3 pools each containing 10-20 embryos. From Nacci 




of the most tolerant populations (excluding Bridgeport)
was >2,000 ng/L (Table 2). Maximum EROD response
(minimal OD) was achieved at the nominal tested concen-
trations of 2,000 or 20,000 ng/L for the F2 generations
from Bridgeport and New Bedford but was not achieved,
even at the highest tested concentration (200,000 ng/L),
for Newark (Fig. 4). Consistent with the absence of lethal
effects, no EROD response was observed at any tested
concentrations for the F2 generation of the Elizabeth River
population.
Discussion
Adaptive Variation in Chemical Sensitivity Among Killifish
Populations
Sensitivity to PCB126, defined as ability to survive
embryonic exposures, varied greatly among killifish popula-
tions as did residential sediment PCB concentrations for
habitats throughout its range. Killifish sensitivity to PCB126
ranged over at least four orders of magnitude and appeared
limited by testing logistics (the solubility of PCB 126) for
some highly tolerant populations (Table 1). This intraspecific
range was as large as the interspecific variation in dioxin
sensitivity across all tested fishes (review Tillitt et al. 2008;
Van Veld and Nacci 2008). Residence sites also varied
greatly in the extent to which they were influenced by human
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New Bedford (MA) Elizabeth River (VA)
Fig. 4 Responses following laboratory exposure to 3,3′,4,4′,5-
pentachloro biphenyl, PCB126, for F. heteroclitus populations
(symbols = means ± standard error, n=2 or 3 bioassays, lines =
response model projections) described in Table 1, from Bar Harbor
(site 7), New Bedford (site 23), Bridgeport (site 22), Newark (site
19), and Elizabeth River (site 18) for early life stage survival
responses of progeny of field-collected parents (black circles, heavy
lines) and laboratory-reared F2 progeny (gray circles, light lines);
embryonic ethoxyresorufin-o-deethylase (EROD) activity responses
are indicated as optical density (OD) units (white triangles, light
lines, wher maximal respons = 0 as described i “Methods and
Materials”) for F2 embryos for all populations except for Bar
Harbor, where F1 embryos were measured (white triangles, heavy
lines). Response model parameters and calculated point estimates are
provided in Appendix
Table 2 Modeled point estimates for effect concentrations (20%
lethal concentration, LC20; 50% effect concentrations, EC50, for
embryonic activity of ethoxyresorufin-o-deethylase, EROD) for 3,3′
4,4′,5-pentachloro biphenyl (PCB126) in progeny of field-collected
(F1) and laboratory-raised (F2) killifish, F. heteroclitus, populations
identified in Table 1







7 Bar Harbor 23 NT <2b
19 Newark 13,836 12,491 2,591
22 Bridgeport 13,900 939 <2,000
23 New Bedford 31,290 47,863 5,914
18 Elizabeth River >200,000a >200,000 >200,000
NT not tested
a No effect at the highest tested concentration, 200,000 ng/L
b F1 embryos tested; effect at the lowest tested concentration, 2 ng/L

















Figure 1-2. Location of killifish collection sites in Massachusetts. 
 
Killifish collected from a clean, unpolluted, reference site (Scorton Creek) were 


















Figure 1-3. NBH killifish embryos/larvae overexpress ERα mRNA during 
development as compared to those from SC. 
 
ERα mRNA transcript levels were measured by quantitative PCR. Data represent mean 
+/- SEM for three pools each containing 25 embryos/larvae. Stage-related differences in 
mRNA abundance between each developmental time point and the previous time point 













































Figure 1-4. NBH killifish larvae display estrogen resistance as demonstrated by 
altered responses to estrogen treatment of estrogen responsive genes (Vtg, AroB, 
and ERα). 
 
Expression of estrogen responsive genes (Vtg, AroB, and ERα) were measured by 
quantitative PCR. Embryos were treated between 15 and 18 dpf. Data represent mean +/- 
SEM for three pools each containing six larvae. Within each mRNA bars with different 
letters differed significantly (P < 0.05) as determined by two-way ANOVA followed by 




CHAPTER TWO: Multiple Structurally Distinct ERα mRNA Variants in Zebrafish 
are Differentially Expressed by Tissue Type, Stage of Development and Estrogen 
Exposure 
 
This work has been published as: Cotter KA, Yershov A, Novillo A, Callard GV (2013). 
Multiple structurally distinct ERα mRNA variants in zebrafish are differentially 
expressed by tissue type, stage of development and estrogen exposure. General and 
Comparative Endocrinology. 194(0): 217-229. 
 
SUMMARY 
It is well established that estrogen-like endocrine disrupting chemicals (EDC) interact 
with estrogen receptors (ER) to disrupt transcriptional control of estrogen-responsive 
genes. However, it remains unclear whether EDC also influence changes in splicing 
decisions on these genes, including ERα itself. Here we investigated the occurrence of 
alternatively spliced ERα variants in zebrafish, and identified six mRNA variants which 
were generated via the use of alternative transcription start sites, multiple exon deletions, 
intron retention, and alternative polyadenylation. These variants were differentially 
expressed by tissue-type, sex, stage of development and in response to estradiol and 
estrogen-like EDC. Significantly, an N-terminal “short” variant (ERαS) was preferentially 
expressed in liver and ovarian tissues, and was selectively upregulated in response to 
estrogen treatment as compared to the “long” variant (ERαL). Additionally, a C-
terminally truncated variant (ERαS-Cx) missing significant portions of the ligand-binding 
and one of the two activation function domains was transcribed exclusively from the 
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short isoform promoter, and ERαS and ERαS-Cx shared similar expression patterns. These 
results support the idea that estrogen and estrogen-like chemicals auto-regulate 
transcription and pre-mRNA splicing of the esr1 gene, and thereby control both the 
relative abundance and nature of structurally and functionally distinct ERα isoforms. The 
data further suggest that EDC exert their actions on the estrogen-signaling cascade in part 
by modulating alternative splicing of the esr1 gene. 
 
INTRODUCTION 
 Epidemiological, wildlife, and laboratory studies indicate that defects of 
development, reproduction, and physiology can be ascribed to hormonally active agents 
in the environment (Bergman et al., 2013; Diamanti-Kandarakis et al., 2009). Endocrine 
disrupting chemicals (EDC) are rarely toxic, but, even at low doses and transient 
exposures, they have the potential to induce lifelong and multigenerational defects by 
perturbing essential receptor-mediated hormone actions during critical periods of 
development. The extent of the problem and the ultimate risk for humans and animals 
require a comprehensive understanding of the molecular mechanisms of EDC action. 
Among the identified and suspected EDC, a structurally diverse group (termed 
xenoestrogens, XE), are estrogen-like in their bioactivity by virtue of their ability to bind 
to estrogen receptors (ER). Canonical ERs are ligand-activated transcription factors that 
interact with DNA responsive elements in the promoters of target genes to activate or 
repress transcription (Heldring et al., 2007). Not surprisingly, our present understanding 
of the molecular mechanisms of XE action is centered on transcriptional activity, as 
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measured by perturbations in the amount, timing, or location of estrogen-regulated gene 
products. However, transcription is only one step in the actual production of functional 
proteins. Alternative promoter usage and splicing generate many structurally and 
functionally different mRNA variants and proteins from a single transcription unit, and 
are widely used to diversify and fine tune gene expression by tissue-/cell-type, stage of 
development, hormonal status and physiological condition (Hughes, 2006; Kalsotra and 
Cooper, 2011; Kelemen et al., 2013; Kornblihtt et al., 2013; Nilsen and Graveley, 2010). 
Moreover, promoter choice and splicing are mechanistically coupled to transcription and 
co-regulated by the same tissue-specific factors (including steroid receptors and co-
activators) acting in cis and trans on target gene promoters (Braunschweig et al.; 
Masuhiro et al., 2005; Meng et al., 2007; Montes et al., 2012; Moore and Proudfoot; 
Zhang et al., 2003). In theory, therefore, estrogen-like chemicals and any other EDC 
capable of activating ER to regulate transcription have the potential to control both 
promoter choice and alternative splicing of the targeted pre-mRNA, thereby determining 
not only the quantity but also the nature of the expressed gene product.  
 To address this hypothesis we chose to investigate alternative splicing of ERα in 
zebrafish. In contrast to mammalian species, which have two ERs (ERα, -β), zebrafish 
and other teleost fish have three ERs (ERα, -βa, -βb) (Bardet et al., 2002; Hawkins et al., 
2000; Menuet et al., 2002). It is well established that the gene encoding ERα is estrogen-
responsive and a direct target of hormonal estrogen action (for review, see Nelson and 
Habibi, 2013). Like other members of the steroid receptor superfamily, ERα is a large 
modular protein with multiple conserved functional domains (A – F): the constitutively 
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active, activation function 1 (AF-1, A/B) at the N-terminus; the DNA- (DBD, D) and 
ligand-binding (LBD, E) domains; and the ligand dependent AF-2 in the LBD domain 
(E/F) (Krust et al., 1986). In humans and mice, the eight coding exons of the ERα pre-
mRNA are alternatively spliced to produce multiple mRNA variants and ERα isoforms, 
some of which lack one or more functional domains (Herynk and Fuqua, 2004; Ishii et 
al., 2011; Schreihofer et al., 2002; Taylor et al., 2010). Additionally, the gene encoding 
ERα (ESR1) in mammalian species has four (mouse) or eight (human) alternative 
promoters/untranslated first exons, in addition to alternate 3’-untranslated regions (UTRs) 
and poly-adenylation sites (Ishii and Sakuma, 2011; Kobayashi et al., 2011; Koš et al., 
2000; Koš et al., 2001). These are used in a tissue-specific manner where they affect 
mRNA expression, translation or stability (Koš et al., 2002).  
 Consistent with studies in rodents and humans, alternatively spliced ERα variants 
have been identified in several fish species and some are orthologous to mammalian 
forms: for example, blue tilapia (Tan et al., 1996); rainbow trout (Pakdel et al., 2000); 
channel catfish (Patino et al., 2000; Xia et al., 1999); mangrove rivulus (Seo et al., 2006); 
killifish (Greytak and Callard, 2007); sea bream (Pinto et al., 2012). In the rainbow trout, 
alternative use of multiple transcription and translation start sites results in both an N-
terminally truncated, short ERα isoform lacking the A domain and a full-length, long 
isoform, which differ significantly in their tissue distribution and transactivating 
properties (Menuet et al., 2001; Metivier et al., 2000; Pakdel et al., 2000; also see 
Discussion). Considering that ERα is at the apex of an entire estrogen response network, 
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dysregulation of promoter choice or pre-mRNA processing of this gene by environmental 
chemicals is positioned to trigger system-wide effects. 
 The availability of a sequenced zebrafish genome makes it possible to apply a 
targeted PCR cloning approach to carry out a comprehensive survey of ERα splice 
variants in this species, and to determine expression patterns and effects of estrogen using 
quantitative (q)PCR. Here, we report the identification of six alternatively spliced ERα 
variants produced by the use of multiple transcription and translation start sites, exon 
deletions, and intronic sequence retention. Two 5’ end mRNA variants predicting a full-
length long and an N-terminally truncated short ERα isoform, as in rainbow trout, were 
differentially expressed by tissue-type, sex, stage of development, and estradiol or XE 
exposure. A C-terminally truncated variant was transcribed exclusively from the 
promoter/first exon that produces the short ERα mRNA, and was similarly regulated 
during development, in different tissues, and in response to estrogens. Our results support 
the view that hormonal estrogens regulate promoter choice and splicing on estrogen 
responsive genes, and that this mechanism of estrogen action can be appropriated by XE 
to exert at least some of their endocrine disrupting effects.  
 
MATERIALS AND METHODS 
Zebrafish and treatments  
 Wild type adult male and female zebrafish (Danio rerio) were obtained from Ekk 
Will Waterlife Resources (Gibsonton, FL) and maintained in 30 gallon aquaria at 28 °C 
on a 14:10 light-dark cycle, as previously described (Kishida and Callard, 2001). 
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Fertilized eggs were collected after natural spawning, washed and distributed into 20 × 
100 mm culture plates (Fisher Scientific) containing embryo medium (120 - 150 eggs per 
50 mL medium; 0.006% Instant Ocean in deionized water, Aquarium Systems, Mentor, 
OH). Embryos were allowed to develop at 28 °C on a 14:10 light-dark cycle and 
collected at timed intervals post-fertilization, as specified in figure legends. Unfertilized 
eggs were obtained by stripping gravid females. Eggs/embryos/larvae were pooled (~25-
30 per sample) by treatment group and immediately frozen on dry ice for storage at -70 
°C.  
 For treatment experiments, embryos were exposed to 17β-estradiol (E2; 0.1 µM; 
Sigma, St Louis, MO), bisphenol A (BPA; 10 µM; Aldrich, Milwaukee, WI), 
diethylstilbestrol (DES; 0.1 µM; Sigma), or 2,3,7,8, tetrachlorodibenzo-p-dioxin (TCDD; 
1 nM; Ultra Scientific, N. Kingstown, RI) beginning at 24 hours post fertilization (hpf) 
and continuing for the period specified in figure legends. This protocol is based on earlier 
dose-response studies in our laboratory (Griffin et al., 2013; Kishida and Callard, 2001; 
Kishida et al., 2001; Sawyer et al., 2006). Chemicals were prepared as stock solutions in 
dimethyl sulfoxide (DMSO; final concentration, 0.0006% in embryo medium). Control 
embryos received DMSO alone. Medium and chemicals were replaced daily. Mortality, 
hatching, and morphological defects were routinely monitored. 
 Tissues were collected from reproductively active males and females from our 
breeding colony. Fish were anesthetized in 0.035% ethyl 3-amino-benzoate 
methanesulfonate salt (MS-222, Sigma) and then decapitated. Tissues were pooled by sex 
(2-4 fish per pool), quick-frozen on dry ice, and stored at -70 °C.  
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RNA extraction and reverse transcription 
 Frozen adult tissues or pooled eggs/embryos/larvae were homogenized in Tri 
Reagent (Sigma) and total RNA was extracted according to the manufacturer’s 
instructions. Extracts were treated with DNase I (Promega Corp., Madison, WI) to 
minimize gDNA contamination. Concentration and quality of RNA was determined 
spectrophotometrically and confirmed by gel electrophoresis. Reverse transcription of 3 
or 5 µg of total RNA (20 µl reaction volume) was performed using oligo(dT) priming and 
SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA), according to the 
manufacturer’s instructions. 
Oligonucleotides 
 Oligonucleotides used for PCR, 3’-RACE, and qPCR are listed in Table 2-1. The 
gene-specific primers used for cloning the ERα variant transcripts were designed using 
the online Primer III program. Primer design was aided initially by in silico analysis of 
the zebrafish esr1 gene (Ensembl.org, #ENSDARG00000004111) and the previously 
cloned zebrafish (GenBank #: AF349412) and rainbow trout (GenBank #: AJ242741 and 
NM_001124349) ERα cDNAs and subsequently by our newly sequenced cDNAs. Primer 
sets for qPCR were tested for specificity using zebrafish liver cDNA as a template and 
standard PCR to verify production of a single band of the predicted size. Primers for β-
actin (bactin1; the positive control for PCR) and elongation factor 1-α (elfa; the 
normalizer for qPCR) are also shown in Table 2-1 and were previously published (Chen 
et al., 2005; Keegan et al., 2002) and verified for use under the conditions in our 
laboratory (McCurley and Callard, 2008).  
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PCR and 3’RACE  
 Routinely, liver cDNA was used as the template for initial cloning of ERα mRNA 
variants. Synthesized cDNA was amplified using exon-specific primers (2 mM each) and 
GoTaq Flexi polymerase (Promega, Madison, WI) under the following conditions: 94 oC 
for 5 minutes; 40 cycles of 94 oC for 30 seconds, 58 oC for 45 seconds, and 72 oC for 1 
min/kb; and 72 oC for 10 minutes. Where indicated, a nested primer strategy 
(reamplification of an aliquot of the initial PCR reaction with a second, internal gene 
specific primer) was applied to maximize the yield of low abundance transcripts and to 
increase the specificity of the amplification.  
 Additional variants of the ERα mRNA were identified using 3’RACE (System for 
Rapid Amplification of cDNA Ends; Invitrogen) with the kit-supplied adapter primer and 
a nested pair of gene specific forward primers located in exon 5. A “touch-down” 
strategy was used as follows: 94 oC for 3 minutes; 5 cycles of 94 oC for 30 seconds, and 
72 oC for 3 minutes; 5 cycles of 94 oC for 30 seconds, and 70 oC for 3 minutes; 20 cycles 
of 94 oC for 30 seconds, 68 oC for 30 seconds, and 72 oC for 3 minutes; and 72 oC for 10 
minutes. Where semi-quantitative RT-PCR was used to estimate selected transcripts, the 
PCR conditions were the same as in the targeted cloning approach.  
Cloning and sequence analysis 
 The ERα cDNA products were size separated on a 2% agarose gel, and the bands 
extracted using the MinElute Gel Extraction Kit (Qiagen, Hilden, Germany; 10 µl final 
volume). An aliquot (3 µl) of purified product was ligated into pGEM®-T Easy vector 
(Promega) and cloned using α-Select Gold Efficiency competent cells (Bioline, Taunton, 
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MA). Six colonies were cultured and plasmid DNA was isolated using a Wizard® SV 
Minipreps DNA Purification System (Promega). Each sample was sequenced (Macrogen; 
Seoul, South Korea) in two directions using plasmid specific primers. Sequences were 
analyzed using online software: VecScreen 
(http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html), CAP3 (http://pbil.univ-
lyon1.fr/cap3.php), and BLAST (http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi). 
Zebrafish esr1 gene sequence information from Ensembl (ENSDARG00000004111; 
www.ensembl.org) was used for further analysis. Predicted amino acid sequences of the 
zebrafish ERα cDNAs cloned in this laboratory were aligned with previously cloned ER 
sequences using Clustal W 2.1 and a Gonnet series scoring matrix as described 
previously (Greytak et al., 2005). 
Quantitative (q)PCR analysis 
 As previously described (McCurley and Callard, 2008), real-time qPCR analysis 
was performed using an ABI PRISM 7900 HT (Applied Biosystems, Foster City, CA) 
instrument with SYBR green fluorescent labeling. Amplifications were run in triplicate 
for each cDNA sample in optically clear 384-well plates. Cycling parameters were as 
follows: 50 oC for 2 minutes, 95 oC for 10 minutes; 40 cycles of 95 oC for 15 seconds, 60 
oC for 1 minute. Data was exported to Q-gene (Simon, 2003), adjusted for amplification 
efficiency, and normalized to elfa as previously described (McCurley and Callard, 2008). 
Results were expressed as mean normalized expression (MNE +/- SEM) of at least three 




Statistics   
Statistical analysis by one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparisons test was performed using the Sigma-Stat 3.5 package 
(Aspire Software, Leesburg, VA). Student’s standardized t-test was performed where 
specified using the online QuickCalcs calculator (GraphPad software, La Jolla, CA). See 
figure legends for details. Significance was set at P ≤ 0.05.  
 
RESULTS 
Identification of short (ERαS) and long (ERαL) N-terminal ERα variants  
Previous research in the rainbow trout described two potential ERα isoforms, 
rtERαL (long isoform) and an N-terminally truncated rtERαS (short isoform), which are 
generated by alternative use of transcription and translation start sites (Pakdel et al., 
2000; see Introduction). In zebrafish, the previously cloned ERα cDNA corresponds to 
the transcript encoding the rainbow trout short isoform and is predicted to be lacking the 
A functional domain (GenBank: AB037185; Menuet et al., 2002). Our in silico analysis 
of the esr1 gene sequence between exons 1 and 2 in the revised zebrafish genome 
database (Ensembl.org, #ENSDARG00000004111), in comparison with the rainbow 
trout long ERα sequence, suggested the presence of two N-terminal variants in zebrafish, 
encoding both a full-length long isoform of ERα and the previously identified short 
isoform. To test this hypothesis, we first confirmed the size and sequence of the zebrafish 
short ERα cDNA (ERαS) using end-to-end PCR amplification of liver cDNA with primer 
set #1/2 (see Table 2-1) positioned in untranslated regions of exons 1 and 9. To amplify 
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the putative long ERα cDNA, we used the genomic DNA sequence in the zebrafish 
database to design a series of forward primers in the 5’-end of our presumed extension of 
exon 2, and paired each with the same exon 9 reverse primer (#2). As predicted, one of 
the forward primers (#3) successfully amplified a 2082 bp cDNA product, which differed 
from ERαS at the N-terminus and, like rainbow trout, could result from alternate use and 
splicing of two putative transcription start sites and untranslated first exons (termed TSS I 
and II in exons 1 and 2, respectively; Figure 2-1, a/b). The newly identified long ERα 
cDNA (ERαL) begins at TSSII in exon 2 and is lacking exon 1, which is 821 bp further 
upstream. By contrast, the previously identified ERαS initiates at TSS1 in exon 1, which 
is then spliced to an internal segment of exon 2 via a second consensus acceptor site. A 
translation start site (ATGII) in the 5’ end of exon 2 (termed 2a) of ERαL predicts a 
longer ERα protein that contains both the A and B domains (Figure 2-2). Alternatively, 
ERαS, which splices out the ATGII in exon 2a, would be translated from ATGI in the 3’ 
end of exon 2 (termed 2b), and thus ERαS would be lacking 52 amino acids at the N-
terminus compromising the A domain (Figure 2-2). The zebrafish ERαS and ERαL 
cDNAs described in this report have been entered into GenBank as accession numbers 
AF349412 and EU079275, respectively (Table 2-2).  
 As shown in Figure 2-3, when the amino acid sequences encoded by the ERαS and 
ERαL zebrafish cDNAs cloned in the present study are aligned with the previously 
reported ERα peptides of rainbow trout and the full-length human ERα, there is a high 
degree of overall sequence conservation. Zebrafish ERαL has 62% and 48% overall 
amino acid identity with the rainbow trout ERαL and the human ERα, respectively, and 
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the ligand- and DNA-binding domains are even more highly conserved when compared 
to rainbow trout (respectively, 93% and 77% identity) and humans (respectively, 94% 
and 64% identity). While the extended A domains of the zebrafish and rainbow trout 
ERαL are similar in length (44 vs. 45 amino acids) they have only 18% overall sequence 
identity within this region.  
 To determine the occurrence of both ERαL and ERαS in fish species, we surveyed 
GenBank for all complete ERα mRNA sequences cloned from teleost fish, and classified 
them as either short or long. We also utilized in silico analysis of fish species with 
sequenced genomes available in Ensembl to identify additional putative short and long 
ERα variants. As shown in Table 2-3, 12 of the 50 species surveyed (including rainbow 
trout and zebrafish) have both ERαL and ERαS, whereas the remaining species have either 
ERαL or ERαS. The wide taxonomic distribution of those with both isoforms suggests that 
this splicing event is likely a conserved characteristic of all fishes.  
 To further identify conserved features of the extended N-terminus, all available A 
domain sequences were aligned. Although similar in length (41 to 53 amino acids), there 
is little apparent sequence conservation (Figure 2-4). However, the majority of the A 
domains contain at least partial conservation of the LLxxL and ELE residues (Figure 2-4, 
bold lettering), which were demonstrated to be important to the ability of the A domain to 
suppress the ligand-independent activity of AF-1 (Métivier et al., 2002). Additionally, 
using the MEME algorithm, which identifies common motifs in a set of protein 
sequences without direct alignment (Bailey et al., 2009), six overrepresented motifs were 
identified, dividing the A domain into four distinct regions. Motifs 2 and 4 are present in 
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all 31 species, Motif 3B in 24, Motif 1A in 19, Motif 1B in 6, and Motif 3A in 3 species. 
The significance of these motifs remains to be determined (aside from the LLxxL and 
ELE residues mentioned above); however MEME has been used successfully to identify 
important functional and structural motifs (Bailey et al., 1997), and we predict that at 
least some of our conserved residues may prove to be significant regions of the A 
domain. Further phylogenetic analysis based on alignment of the A domains shows that 
the sequences segregate according to the known taxonomic order, and again, that species 
which have both ERαS and ERαL are represented at all levels of phylogeny (Figure 2-5). 
Identification of a C-terminally truncated variant (ERαS-Cx) 
To identify possible C-terminal ERα variants, 3’RACE was applied using nested 
forward primers (#10 and 11) positioned in exon 5. In addition to the expected product 
(~2300 bp), a single smaller (~1700 bp) product was identified. Sequencing showed that 
this variant lacked exon 9 but retained 84 bp of intron 8 and a poly-A tail (Figure 2-1, f). 
Although the poly-A sequence could be an artifact of the oligo(dT) primer used to reverse 
transcribe the RNA, or the adapter primer used in the RACE reaction, its presence is 
consistent with a poly-adenylation signal hexamer (Beaudoing et al., 2000) located 22 nt 
upstream. This 3’ truncated ERα cDNA (termed ERα-Cx to correspond to terminology in 
killifish and human) was entered into GenBank as accession #EU079276. In silico 
translation of the ERα-Cx cDNA revealed an in-frame stop codon within the intronic 
sequence, thus predicting a C-terminally truncated ERα protein with a new 20 amino acid 
region instead of the 64 amino acids normally found at the C-terminus (Figure 2-2; 
Figure 2-3; Table 2-2). If translated, the resultant protein would be missing helices 11 and 
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12 of the LBD and AF-2 regions, and the entire F domain, which has been shown to play 
a role in the differential response to agonists and antagonists (Skafar and Zhao, 2008).  
 To determine which transcription start site/untranslated first exon is associated 
with the C-terminally truncated variant, PCR amplification was undertaken using a 
reverse primer in the retained intronic sequence (#5) paired with either an ERαS-specific 
primer in exon 1 (#1) or an ERαL-specific primer in exon 2a (#3). As a control, a forward 
primer positioned in exon 2b (#4), which would amplify mRNAs encoding both N-
terminal variants, was paired with primer #5. As shown in Figure 2-11 A and B, a 
product band of the correct size was generated exclusively from the primer in exon 1, 
indicating it is a product of TSSI and a variant of the short transcript (Figure 2-1, a). 
Therefore, the predicted ERαS-Cx protein is missing the A domain as well as part of the E 
and the entire F domains (Figure 2-2; Table 2-2; Figure 2-3). The absence of a product 
band with the exon 2a primer specific for the long transcript (Figure 2-11, B) reinforces 
the view that ERαS-Cx is transcribed from TSSI and that retention of the intron 8 
sequence is not an artifact of genomic contamination.  
Identification of ERα variants with deleted internal exons 
Targeted PCR cloning was applied to identify possible alternative splicing events 
affecting internal exons. First, the N-terminus was examined using nested reverse primers 
in exon 5 (#7 and 8) paired with a forward primer either in exon 1 (#1; ERαS-specific) or 
in exon 2a (#3, ERαL-specific). This strategy identified two additional variants, each with 
substantial deletions in the mRNA sequence. The first variant, was amplified using the 
ERαS-specific primer (#1) and was missing exons 2b and 3 in their entirety (termed 
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ERαSΔ2b-3; GenBank: HM641841), (Figure 2-1, c). The initial in-frame start codon of 
this transcript is positioned at the beginning of exon 5; therefore, the predicted protein 
translated by this sequence would be lacking the A, B, and C regions (AF-1, 
DBD/dimerization domains) (Figure 2-2; Table 2-2; Figure 2-3). A second variant, 
ERαLΔ2b-5 (GenBank: JX457331) was amplified with the ERαL-specific primer (#3) and 
was missing exons 2b, 3, 4, and most of 5 (Figure 2-1, d). Although this variant retains 
the original start codon in exon 2a, in silico translation indicates a frame-shift that would 
result in a premature stop codon shortly downstream, predicting that a protein translated 
from this transcript would be only 18 amino acids in length (Table 2-2).  
To target exonic deletions in the LBD and AF-2 coding regions, forward nested 
primers in exon 5 (#10 and 11) were paired with a reverse primer in the untranslated 
region of exon 9 (#2). Only one variant was amplified, which was missing a region from 
the beginning of exon 7 through exon 8 and most of the coding region of exon 9 (termed 
ERαΔ7-9; GenBank: HM641842) (Figure 2-1, e). The putative protein translated from 
this variant would lack most of the LBD and AF-2 regions (Figure 2-2; Table 2-2; Figure 
2-3).  
Northern blot analysis 
To determine the size, number and relative abundance of ERα mRNAs in 
different zebrafish tissues, a 384-bp riboprobe was generated from a region of the cloned 
cDNA that is common to both ERαS and ERαL (exons 2b/3) and used for northern blot 
analysis of brain, ovarian and liver RNA. As shown in Figure 2-6, a total of seven 
mRNAs hybridized to the ERα probe under high stringency conditions. Three 
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predominant mRNAs in ovary were approximately 4.1, 3.8 and 2.4 kb in length, but only 
the 3.8 and 2.4 kb mRNAs were represented in liver, and only the 2.4 kb mRNA in brain. 
Additional minor mRNA species were seen in liver (1.2 and 1.0 kb) and ovary (8.5 and 
7.0 kb). These results indicate that multiple ERα mRNAs are produced in a tissue-
specific manner in zebrafish, possibly corresponding with some of our identified ERα 
mRNA variants. 
Differential expression of short, long and total ERα mRNAs in adult tissues 
Alternative promoter use and splicing of many different genes is known to be 
tissue specific (see Introduction/Discussion). We applied real time quantitative qPCR 
analysis to determine the expressed levels of ERαS and ERαL in male and female liver, 
ovary, testis, brain, eye, and heart. Forward primers (#Q1 and Q3) targeted the 5’ exons 
that are exclusive to either ERαS or ERαL (exons 1 or 2a, respectively), while the reverse 
primer (#Q2) targeted exon 2b, which is common to both forms (Table 2-1; Figure 2-1). 
As control, a primer pair in exon 5 (#Q5 and Q6) was used to measure both mRNAs 
simultaneously and all other ERα splice variants containing exon 5 (termed “total” ERα 
mRNA).  
Mean normalized expression of ERαS was ~500-fold higher in female liver than in 
brain, eye and heart and ~50-fold higher than in male liver, ovary and testis (Figure 2-7, 
A). By contrast, expressed levels of ERαL were more diffuse across tissue types and, 
although levels in female liver were about 5-fold higher than in male liver, the difference 
was not significant (Figure 2-7, B). Comparison between panels A and B reveals that 
tissue specific expression of ERαL is generally higher than ERαS, with the exception of 
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female liver in which both isoforms have similar levels of expression. As with ERαL, 
total ERα mRNA (Figure 2-7, C) had a diffuse tissue distribution, but levels in female 
liver were significantly higher than those in all other tissue types, including male liver. 
This difference is due in part to exceptionally high levels of ERαS in female liver, 
whereas the ERαL mRNA predominated in the majority of tissues. These results indicate 
that choice of transcription start site/first exon usage on the zebrafish esr1 gene is 
regulated by tissue specific factors.  
Differential expression of short, long and total ERα mRNAs during development and in 
response to estrogen 
It is well established that alternative promoter use is developmentally 
programmed and estrogen regulated (see Introduction). To determine patterns of 
expression during zebrafish development and the effects of estrogen, embryos were 
analyzed by qPCR at intervals between 24 and 120 hpf, in the presence of E2 (0.1 µM) or 
vehicle (DMSO) alone, using the same qPCR primers described above. Neither ERαS 
(Figure 2-8, A) nor ERαL (Figure 2-8, B) varied significantly by stage in the absence of 
added E2, but total ERα mRNA (Figure 2-8, C) increased progressively during 
development, such that levels by 120 hpf were ~5-fold higher than those at 24 hpf. 
Additionally, when compared to ERαL, expression of ERαS was at least 10-fold lower in 
DMSO controls. As shown in Figure 2-8, A, however, E2 exposure dramatically 
upregulated ERαS, such that expression at 120 hpf was 170-fold higher (P < 0.01) than in 
DMSO controls. Interestingly, the estrogen effect was minimal before 72 hpf, but 
cumulative thereafter, perhaps reflecting maturation of the estrogen response system or 
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morphogenesis of estrogen responsive organs such as the liver (Tao and Peng, 2009). By 
contrast, ERαL was unaffected by estrogen exposure (Figure 2-8, B). Thus, the E2 
induced increase in total ERα mRNA, to levels 8-fold higher than DMSO treated controls 
at 120 hpf (Figure 2-8, C, P < 0.001), is due entirely to the increase in ERαS. These 
results indicate that ERαS, when compared to ERαL, is expressed at relatively low levels 
throughout development but is selectively upregulated by E2.  
 To determine whether environmental and synthetic estrogens mimic effects of 
hormonal estrogen in zebrafish embryos, we used the same treatment paradigm (24 to 96 
hpf) to test bisphenol A (BPA, 10 µM) and diethylstilbestrol (DES, 0.1 µM). As shown 
by qPCR analysis with the primers described above (Figure 2-9), BPA and DES 
mimicked E2 by selectively inducing ERαS but not ERαL, thereby increasing total ERα 
mRNA. Whereas the effects of BPA, a relatively weak estrogen, were modest (2- and 8-
fold upregulation of total ERα and ERαS, respectively), the effects of DES, a potent 
estrogen, were robust (12-fold and 150-fold upregulation of total ERα and ERαS). By 
contrast, embryos/larvae treated with 2,3,7,8, tetrachlodibenzo-p-dioxin (TCDD; 1 nM) 
showed no significant changes in expression of ERαL, ERαS, or total ERα mRNAs (data 
not shown). Taken together, these results suggest that TSSII is the default promoter 
during development resulting in the preferential production of ERαL, and further indicate 
that estrogens redirect and upregulate transcription selectively on the TSSI promoter 





Regulated expression of the truncated ERαS-Cx mRNA and other ERα variants 
 Due to the small size of the retained intron 8 segment of the C-terminally 
truncated variant and the difficulty of designing primers for deletion variants, we were 
unable to design suitable specific qPCR primers for the other ERα variants. Therefore, to 
estimate the levels of the additional variant ERα transcripts by tissue type, stage of 
development and estrogen exposure we compared patterns of expression on agarose gels 
after semi-quantitative PCR with either variant-specific primers (ERαS-Cx, #4/5), or 
primers that measured both full-length transcripts and exon deletion variants, which were 
then identifiable by transcript size: ERαS/ERαSΔ2b-3 (#1/6); ERαL/ ERαLΔ2b-5 (#3/8); 
total ERα/ERαΔ7-9 (#9/10) (Table 2-1). Although differences in product size and 
amplification efficiencies preclude direct quantitative comparison between different 
amplicons, results provide an estimate of tissue distribution, developmental programming 
and E2-inducible changes in a given transcript. As shown in Figure 2-10, A, semi-
quantitative PCR confirmed results of qPCR analysis by showing that all transcripts are 
most highly expressed in liver, in particular ERαS, ERαSΔ2b-3, and ERαS-Cx. Co-
expression of these three transcripts is unsurprising given their common use of the TSSI 
promoter. Additionally, the three internal exon deletion variants (Δ2b-3, Δ2b-5, and Δ7-
9) are expressed at appreciably lower levels than the other transcripts.  
Interestingly, the three internal deletion variants were below detectable limits of 
the assay during embryonic development or estrogen treatment (data not shown). 
Nonetheless, Figure 2-10, B shows that ERαL, ERαS and ERαS-Cx are present at high 
levels in unfertilized eggs but then decrease between 2 and 12 hpf. This pattern indicates 
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maternal transfer after synthesis in mature oocytes or surrounding follicle cells, followed 
by degradation post-fertilization. The marked increases in accumulated levels of the 
ERαL, ERαS and ERαS-Cx between 12 and 24 hpf are interpreted as due to the onset of 
embryonic transcription of the esr1 gene and indicate that both TSSI and TSSII 
promoters are activated at this time. Comparison of Figure 2-10, B (PCR) with Figure 2-8 
(qPCR) confirms that accumulated levels of ERα mRNAs and the use of the two 
transcription start sites are relatively constant between 24 and 96 hpf. Figure 2-8, C 
shows that exposure to E2 dramatically upregulates the ERαS, ERαS-Cx, and total ERα 
mRNAs but has no effect on ERαL, reinforcing the view that estrogen specifically targets 
transcription from the TSSI promoter, and that promoter choice impacts downstream 
splicing decisions. Lastly, as shown in Figure 2-11, C, these effects of E2 are mimicked 




It is well established that estrogen signaling in mammalian species is 
accomplished by two genetically distinct ERs (-α and -β), but the functional significance 
of multiple alternatively spliced isoforms of each ER subtype is not entirely clear. The 
presence of one or more splice variants of ERs in frogs (Claret et al., 1994), birds (Griffin 
et al., 1999), and teleost fish (see Introduction) suggests that alternative processing of ER 
pre-mRNAs is phylogenetically conserved regulatory mechanism with adaptive value. In 
this study, we applied RACE and a targeted PCR cloning approach to characterize the 
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ERα splice variants in zebrafish. We report three types of alternative splicing: (1) 
alternative promoter/first exon usage, (2) intron retention with alternate poly-adenylation, 
and (3) one or more exon deletions. Six alternatively spliced transcripts of ERα in 
zebrafish result from one or a combination of these processes, including a newly 
identified full-length (long) cDNA (ERαL), confirmation of the previously identified N-
truncated (short) variant (ERαS), a C-terminally truncated variant originating exclusively 
from the short isoform promoter (ERαS-Cx), and variants with exon deletions (ERαSΔ2b-
3; ERαLΔ2b-5; ERαΔ7-9). As determined by qualitative and quantitative PCR analysis, 
ERαL, ERαS, and ERαS-Cx are differentially expressed by tissue type, sex and stage of 
development, implying cell-specific regulation. Only the variants originating from the 
ERαS promoter (ERαS, ERαS-Cx) are estrogen-inducible and therefore part of the well-
established estrogen-driven autoregulatory loop in teleosts. Comparison of the identified 
zebrafish variants with ERα sequences from a taxonomically diverse array of teleosts 
identifies a subset of overrepresented motifs of potential functional significance within 
the A-domain of the extended ERαL form and, more importantly, predicts that processes 
and factors generating the ERαL and ERαS isoforms are a general characteristic of fishes. 
Alternative promoter/first exon usage  
All fish ERαs initially cloned, including the zebrafish ERα, were lacking the A 
domain when aligned with mammalian orthologs (Menuet et al., 2002; Muñoz-Cueto et 
al., 1999; Pakdel et al., 1989; Tan et al., 1996; Todo et al., 1996; Xia et al., 1999) 
however, subsequent studies in rainbow trout (Pakdel et al., 2000) and channel catfish 
(Patino et al., 2000) identified a second 5’ extended ERα transcript that encoded a 
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sequence similar in size to the mammalian A domain. Further analysis by S1 nuclease, 
primer extension, and RT-PCR experiments in rainbow trout determined that long and 
short isoforms, (termed ERαS and ERαL, respectively) originate from two transcriptional 
start sites, the second of which was spliced out in ERαL, and resulted in translation from 
two different start codons. When expressed in yeast, both isoforms had similar ligand 
binding affinity and specificity but differed in their ability to activate a reporter gene 
construct. Whereas ERαL was strictly ligand-dependent, ERαS had some constitutive 
(ligand-independent) activity. It was surmised, therefore, that the rainbow trout A domain 
functions to suppress the ligand-independent activity of the AF-1 region in the B domain 
(Pakdel et al., 2000), and further experiments identified an 11 amino acid sequence in the 
A domain that is critical for this function (Metivier et al., 2000; Métivier et al., 2002).  
 Informed by the rainbow trout study and additional sequence in the zebrafish 
genome database, we successfully amplified two ERα transcripts, one corresponding to 
the previously reported N-terminally truncated form and a new transcript encoding a 
zebrafish long isoform (ERαL). As this transcript includes all domains previously 
identified in mammals, and is the ortholog of the rainbow trout long form (Menuet et al., 
2002), we have designated ERαL the full-length zebrafish ERα transcript. Comparison of 
the cloned mRNAs with zebrafish genomic sequence suggests that the N-terminal 
variants result from multiple transcription start sites (TSSI and TSSII) and ATG codons 
(I and II), as in rainbow trout. The predicted ERαL of zebrafish has 44 additional amino 
acids at the N-terminus, which is comparable in size to the A domain of the rainbow trout 
(45 aa) and channel catfish (37 aa) long isoforms (Pakdel et al., 2000; Patino et al., 2000) 
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and is within the size range of the A domains of all publically available teleostean long 
ERα isoforms (36 to 48 aa; Table 2-3). Despite little overall sequence identity, the 
distribution of the A domains on a phylogenetic tree reflects established taxonomic 
relationships, suggesting that residue substitutions are due mainly to species divergence 
(Figure 2-5). Nonetheless, as shown in Figure 2-4, computational analysis using an 
uninformed discovery algorithm (MEME) identifies motifs of yet to be determined 
significance within the teleostean A domains, and also recognizes some of the eleven 
amino acids previously found to suppress AF-1 of the B domain in rainbow trout 
(Metivier et al., 2000; Métivier et al., 2002).  
A survey of GenBank and Ensembl shows that ERα mRNA sequences are 
available for 50 fish species, of which 12 species have both long and short isoforms, the 
remainder having one or the other (see Table 2-3). Those species in which both isoforms 
have been identified are distributed across taxa rather than segregating in any one fish 
group (Figure 2-5), suggesting that a purposeful search for the corresponding full-length 
(long) or N-terminally truncated (short) ERα isoforms, where they are presently missing, 
will reveal that production of two N-terminal ERα variants is a general characteristic of 
fishes.  
Human ERα mRNAs are transcribed from at least seven different promoters, 
some with multiple untranslated exons, and all splicing to the same position within exon 
1 (Koš et al., 2001). Additionally, several N-terminally truncated isoforms have been 
identified due to skipping of exon 1, including one missing the A and B domains. For 
example, the ERα46 isoform in humans is lacking the first coding exon (exon 2 in 
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zebrafish), and as a result is missing the first 173 amino acids compromising the A and B 
protein domains (Flouriot et al., 1998). Studies on this variant have indicated that the lack 
of an AF-1 domain results in a receptor that acts as a dominant negative in the presence 
of full-length ERα. In humans, ERα promoter choice differs by tissue type (Brand et al., 
2002; Flouriot et al., 1998; Kobayashi et al., 2011), and in normal and cancerous cells in 
vivo and in vitro (Amaral et al., 2009; Grandien et al., 1995; Hayashi et al., 1997; Sogon 
et al., 2007). Thus, use of alternative promoters to produce ERα isoforms appears to be a 
widely used and flexibly implemented mechanism from fish to humans. 
Intron retention 
Through 3’ RACE, we identified a C-terminally truncated ERα variant with 84 bp 
of intronic sequence retained after exon 8 and a poly-A tail directly after the insertion, 
and further, showed that this intron retention alternative splicing event is specific to 
transcripts that originate from the promoter for exon 1 (ERαS-Cx). This is consistent with 
previous studies reporting that transcription initiation, splicing, and poly-adenylation are 
interrelated processes that collaborate in gene regulation, and that promoter choice can 
control far downstream splicing events (Auboeuf et al., 2004; Montes et al., 2012; Moore 
and Proudfoot, 2009). In silico translation of ERαS-Cx indicates that the retained intron 
contains an in-frame stop codon, and the putative protein would be lacking some of the 
LBD and AF-2 regions, implying a deficiency in ligand binding and estrogen mediated 
transactivational activity in its own right. However, this protein would also lack the AF-1 
suppression function of the A domain (due to transcription from exon 1) and thus could 
have ligand-independent activity. A comparable insertion (perhaps intronic) after exon 8 
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was seen previously in channel catfish (Patino et al., 2000) and it also contained a stop 
codon after 10 amino acids of novel protein sequence. No naturally occurring variant 
missing just the last coding exon (exon 9) has been reported in a mammalian species; 
however, artificial constructs of human ERα in which the F domain has been deleted or 
mutated demonstrate altered transcriptional activity in response to ER agonists and 
antagonists often in a cell-specific manner (Skafar and Zhao, 2008). Additionally, 
zebrafish ERαS-Cx may be functionally similar to more severe C-terminal deletions of the 
human ERα (see discussion of ERαΔ7-9 below). 
Exon deletion  
Three multi-exon deletion variants of ERα were cloned. An exon 2b-3 deletion 
variant was amplified with ERαS specific primers (ERαSΔ2b-3), and is similar to two 
variants missing exon 2 (exon 3 in zebrafish) recently identified in sea bream (Pinto et 
al., 2012). The closest in frame start codon after the deletion is positioned at the 
beginning of exon 5, which predicts a protein lacking not only the A domain but also the 
first 214 amino acids of the AF-1 and DBD (B and C) domains, while retaining the full 
LBD/AF-2 region. Similar exon 3 deletion ERα variants in mammals (exon 4 in 
zebrafish) affecting the DBD, were unable to bind DNA, but did bind estrogen, and were 
found to inhibit estrogen-dependent reporter gene activation when co-transfected with 
wild-type ERα, suggesting that they function as a “buffer” that reduces the effective 




A second deletion variant lacking exons 2b, 3, 4 and part of 5 (ERαL Δ2b-5) was 
amplified from the 5’ end with ERαL specific primers. Although translation of this variant 
would start at ATG I in exon 2a, the deletion results in a frame shift and a premature stop 
codon after only 18 amino acids. We assume that this small protein would be non-
functional and degraded. 
The third exon deletion variant identified in this study (ERαΔ7-9) was obtained 
from the 3’ end using nested targeted primers; thus the transcription start site is unknown. 
Lacking exons 7, 8, and 9, it is missing significant portions of the E and F domains and in 
that respect resembles the zebrafish ERαS-Cx variant described above. However, it does 
retain both the DBD and part of the dimerization region, suggesting that this protein, if 
translated, could dimerize with full-length ERα proteins. Similar N-terminal deletion 
variants missing either exons 6-8 or 8-9 have been identified in killifish (Greytak and 
Callard, 2007; GenBank: KJ650320/ KJ650321). A comparable ERΔE7 variant in 
humans (exon 8 in zebrafish) has been shown to have weak DNA binding ability, a 
complete failure to bind ligand, and acts as a dominant negative receptor (Bollig and 
Miksicek, 2000; García Pedrero et al., 2003). 
Differential expression of ERαL, ERαS, ERαS-Cx, and other ERα variant mRNAs  
 To obtain insight into factors regulating promoter choice and splicing decisions, 
and the possible functional significance of the different ERα isoforms, we first designed 
isoform-specific primers to measure ERαS and ERαL mRNA levels by qPCR in different 
tissues, developmental stages and after hormone or XE exposure. As a control, we used 
primers targeting sequences common to both ERαL and ERαS, designated “total” ERα. 
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Both ERαL and ERαS are detectable in all tissue types, but the distribution patterns and 
relative abundance of each isoform differ.  
Whereas ERαL mRNA is diffusely distributed in brain, eye, heart, liver and 
gonads, ERαS is expressed at much higher levels in female liver than in all other tissue 
types and is relatively high in male liver and ovary. The same pattern is seen with ERαS-
Cx, and ERαSΔ2b-3, variants transcribed from the short isoform promoter: namely, 
expression predominates in liver and ovary. In the earlier trout study, both ERαL and 
ERαS were isolated from liver but subsequent studies using northern blot analysis, in situ 
hybridization, and qualitative PCR failed to detect ERαS in tissues other than liver 
(Menuet et al., 2001). The discrepancy with our findings is likely due to the higher 
sensitivity and specificity of qPCR. Although other studies in fish cloned full-length 
mRNAs corresponding to either the long or the short ERα isoforms (see Table 2-3 for 
references), expression analyses utilized primers located downstream in the coding 
region, and thus would recognize both isoforms, similar to our “total” primers. One 
exception is in yellow perch, where primers were specific to the cloned short ERα 
isoform and, consistent with our results, expression was found to be greatest in the female 
liver and ovary (Lynn et al., 2008).  
Similar to tissue distributions, here we show that ERαL mRNA levels are higher 
than ERαS mRNA at all time points between 24 and 120 hpf of development. Following 
treatment with E2, however, ERαS increases progressively to levels 170-fold higher than 
controls, while ERαL remains unchanged. Effects of E2 treatment are similar, in direction 
and amount, when PCR products of ERαS-Cx, the other variant transcribed from the short 
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promoter, are compared to amplicons of ERαS and ERαL on agarose gels, supporting the 
conclusion that estrogens specifically and robustly activate transcription from the short 
but not the long form promoter. Moreover, we show that BPA and DES mimic the effects 
of hormonal estrogen by selective induction of the ERαS, and ERαS-Cx transcripts, which 
provides strong support for the idea that any chemical that interacts with nuclear 
receptors on the promoter of a transcription target gene also has the potential to alter 
promoter choice and splicing decisions (see Introduction). 
 In the earlier trout study, the authors reported that both ERαL and ERαS are 
estrogen inducible, but this conclusion was inferred from an S1 nuclease mapping assay 
that detected both isoforms in the liver of estradiol pre-treated but not in control fish 
(Pakdel et al., 2000). Whether there are true differences in the estrogen inducibility of 
short and long ERα isoforms when trout and zebrafish are compared, or whether 
discrepant results are due to the method of analysis remains to be determined. It is 
relevant, however, that the sequence immediately upstream of exon 1 in zebrafish 
contains an imperfect estrogen response element (ERE) and an ERE/AP-1 half site, both 
of which are important for estrogen-dependent induction of ERα in transfection 
experiments using luciferase reporters (Menuet et al., 2004). By contrast, inspection of 
the zebrafish genomic sequence (Ensembl) upstream of exon 2a reveals no consensus 
ERE sites. Taken together, our findings are consistent with two main conclusions: (1) the 
zebrafish esr1 gene has two promoters, both of which are constitutively active but differ 
in their level of activity during development in embryos/larvae and in most tissue types in 
adult fish (ERαL > ERαS); and (2) the promoter transcribing the short isoform is 
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selectively activated in the liver of adults (female > male), perhaps reflecting sex 
differences in circulating estrogen, and in developing zebrafish in response to hormonal 
estrogen and xenoestrogens.  
Although further studies are required to determine whether the identified variants 
are translated and, if so, how they differ functionally in relation to each other and to ERβa 
and βb in vitro and in vivo, a plausible hypothesis is that promoter switching is a 
mechanism that matches ERα isoform production to low versus high estrogen contexts, 
thereby optimizing response characteristics with the physiological status of the organism. 
Thus, when endogenous estrogen levels are low (during early embryogenesis or in 
reproductively inactive fish) expression of the short isoform would be limited and 
estrogen signaling mediated by the strictly ligand-dependent long isoform. On the other 
hand, when endogenous estrogen levels increase (during reproductive recrudescence in 
adults, or gonadal sex differentiation in larvae), the estrogen-inducible short isoform 
promoter would be activated, dramatically increasing expression of the ERαS selectively. 
ERαS not only has a degree of ligand-independent activity but also has higher 
transactivating activity than ERαL at a given ligand concentration, at least in rainbow 
trout (Pakdel et al., 2000). Together with the autoregulatory loop by which estrogens 
drive ever-increasing levels of ERαS transcription, estrogen responsiveness would be 
further amplified by the intrinsic physicochemical properties of the ERαS, as compared to 
the ERαL. The proposed scenario would be especially advantageous in liver where rapid 
increases and sustained production of yolk protein normally occurs seasonally, at least in 
females. If so, it is worth considering whether the ERαS-Cx variant, which increases 
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concomitantly with ERαS in response to estrogen, and is expressed at comparable levels 
to other ERα variants, could serve as a negative regulator of this positive feedback loop, 
by virtue of its potential as a dominant negative (see above).  
N-terminal variants of glucocorticoid receptor α contribute to the resistance to 
glucocorticoids (Gross et al., 2011). Interestingly, a subset of ERα variants has been 
implicated in the acquisition of estrogen resistance states in human breast cancer cells in 
vivo and in vitro (Barone et al., 2010; Herynk and Fuqua, 2004; Rao et al., 2011). In the 
cloning of the killifish ERs, identification of multiple ERα variants has led to the 
hypothesis that alternative splicing plays a role in acquired resistance to an estrogenic 
environment (see Chapters 3 and 4; Greytak and Callard, 2007; Greytak et al., 2010). In 
addition, post-translational modifications at the protein-level have been implicated in 
resistance to high levels of 17-α-ethinylestradiol in killifish (Doyle et al., 2013).  
Although the present study focused exclusively on ERα variants, numerous ERβ 
variants have been reported in humans (Herynk and Fuqua, 2004) and have also been 
described in fishes: goldfish (Tchoudakova and Callard, 1998); killifish (Greytak and 
Callard, 2007); common sole (Caviola et al., 2007); sea bream (Pinto et al., 2006); and 
sea bass (unpublished, GenBank #AJ489525). Thus, to fully understand ER biology in 
fishes it will be necessary to document alternative promoter use and splicing of all three 
esr genes. Zebrafish have many technical advantages, in particular the use of 
morpholinos to target specific translation or splice sites (Griffin et al., 2013), for 
addressing the actions and interactions of ER alpha and the two betas and their splice 
variants in modulating downstream estrogen responses. 
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Table 2-1. Oligonucleotide primer sequences. 
 
Numbering of nucleotide position corresponds to ERαL (GenBank: EU079275) except where 
indicated by asterisk (*) numbering corresponds to position in ERαS (GenBank: AF349412)  
 
 





PCR 1 (F) Exon 1  
 
1-29* GATACATCAGTGAGAGAGAGAAAGCATCC  
  
 2 (R) Exon 9  2061-2082 CTCTTTCGAATGTCTCGGTTTC  
 
 




4 (F) Exon 2b 
 
299-324 AACTACCTAGATGGAGCTTATGAGTA 
 5 (R) 
 
Intron 8  AGTGTAAATTTAGTTATGTGTGTGTGA 
 
6 (R) Exon 5 1204-1228 GATCATGTGGACGAGTTCTTTGTCA 
 
7 (R) Exon 5 973-997 ATCACTGGTGCTCTTGTCTCGATCT 
 8 (R) Exon 5 1162-1184 ACATCATGGTGATCTCGGTGTAG  
 






  CGAGCAGGAGATGGGAACC 
Actin (R) 
 
  CAACGGAAACGCTCATTGC 




11 (F) Exon 5 
 
1173-1199 TCACCATGATGTCCCTGCTCACCAACA 
qPCR Q1 (F) Exon 1 1-29* GATACATCAGTGAGAGAGAGAAAGCATCC 
Q2 (R) Exon 2b 93-109* TCGCTGCCTGGCACCAA 
Q3 (F) Exon 2a 6-27 GAAAGACTGTGGGAGGTGGAAA 
Q4 (R) Exon 2a 87-106 CGCAGCAAGCATGAGTTAGG 
Q5 (F) Exon 5 1119-1136 CTGAGCCACCCGCTGTCT 
Q6 (R) Exon 5 1197-1215 GACGAGTTCTTTGTCAGCCATGT 
elfa (F)   CTTCTCAGGCTGACTGTGC 















size (aa) ** 
Affected 
domain(s) 
AF349412 ERαS (b) 3439 569 A  
EU079275 ERαL n/a 3502 613 none 
EU079276 ERαS-Cx (b)(f) 1746 505 A, E, F  
HM641841 ERαSΔ2b-3 (b)(c) (2784) (353) A, B, C  
JX457331 ERαLΔ2b-5 (d) (2492) (18) No protein 
HM641842 ERαΔ7-9 (e) (2935/2998)*** (401/445)*** E  
 
* See Figure 2-1 
** Numbers in parenthesis are based on partial cDNAs and assume a single splicing event per 
transcript and predicted protein 
*** Alternate sizes are predicted from the short or the long 5’end 
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Table 2-3. Summary of publically available short and long ERα mRNAs in 
teleostean species.  
 
Species in which both the short and long isoforms are present, as indicated by cDNAs or 
in silico analysis of the genome, are designated in bold. Splice variants other than the 
short and long isoforms were not included in this survey. 
*  Unpublished 
**  This study 
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Figure 2-1. Alternative promoter/first exon use and splicing of the zebrafish esr1 
gene, as determined by sequence analysis of cloned ERα mRNAs.  
 
See text and Table 2-2 for GenBank Accession numbers. Two transcription start sites 
(TSI and TSII) and alternate first exons (1 and 2a) were identified. A transcript beginning 
at TSI in exon 1 was spliced to an acceptor site in exon 2 (a), resulting in a short 
transcript (3437 nt) lacking exon 2a and predicting translation from ATGI in exon 2b. 
Transcription from TSII in exon 2a (b) resulted in a long transcript (3498 n) lacking exon 
1 and predicting translation from ATGII in exon 2a. Additional alternative splicing 
events (c – e) resulted in mRNAs with the deletion of two or more coding exons or 
retention of 84 bp of intronic sequence (hatched bar) with a premature termination codon 
and a poly-A tail (f). Splicing events c and f were associated exclusively with the short 
transcript (TSI/exon 1) whereas splicing event d was associated exclusively with the long 
transcript (TSII/exon 2b). Splicing event e was identified through targeted PCR cloning 
at the 3’-end, but its 5’-end was not determined. Primer placements are indicated with 
forward and reverse arrows and correspond to the numbering system used in Table 2-1. 
The six functional domains (A–F) of the mammalian ERα protein as defined by (Krust, 
1986) are shown below the corresponding exons. Although the esr1 gene in all 
vertebrates has 8 coding exons, the first coding exon is termed exon 2 in zebrafish and 
rainbow trout (Menuet et al., 2004; Pakdel et al., 2000) but exon 1 in mouse and human 




























Figure 2-2. Multiple zebrafish ERα isoforms, as predicted by translation of the 
identified mRNA variants. 
 
Lower case letters in parenthesis (a-f) are keyed to the splicing events shown in Figure 2-
1. The long transcript (ERαL, b) was produced from TSII in exon 2a, and translation was 
predicted from ATGII resulting in a protein of 621 aa containing all six functional 
domains. The short transcript (ERαS, a) was produced from TSI in exon 1 which was 
spliced to exon 2b, and was predicted to use ATGI resulting in a protein of 569 aa lacking 
the A domain. An mRNA variant produced exclusively from TSI/exon 1 (ERαS-Cx, a/f) 
lacked all of exon 9 but retained a portion of intron 8 that encoded an additional 20 aa 
before a stop codon (unshaded region). A deletion variant produced exclusively from 
TSI/exon1 (ERαSΔ2b-3, a/c) lacked coding exons 2b and 3 and was predicted to utilize a 
downstream ATG in exon 5. This variant was identified by targeted PCR cloning from 
the 5’-end, and its predicted C-terminal sequence was not identified. A final deletion 
variant identified by targeted PCR cloning at the 3’-end lacked all of exon 8 and most of 
exons 7 and 9 (ERαΔ7-9, e) but its transcription start site/first exon were not identified. 
The key to the functional domains of the ERα protein as defined by (Krust et al., 1986) in 
human and by (Pakdel et al., 2000) in rainbow trout is shown at the bottom of the figure 
(see text). Characteristics of the variant mRNAs and predicted proteins are summarized 
in Table 2-2. 
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zf_ERαS                                                      MYPK-EEHSAGGISS 14 
zf_ERαL          MVMSGGQTSGEAVGARQRRRTSPSPEREALEEPSSPPAAHKLSPMYPK-EEHSAGGISS 58 
rt_ERαS                                                      MYP--EETRGGGGAA 13 
rt_ERαL         MLVRQSHTQISKPLGAPLRSRTTLESHVISPPKLSPQQPTTPNSNMYP--EETRGGGGAA 58 
hu_ERα           MTMTLHTKASG---------MALLHQIQGNELEPLNRPQLKIPLERPLGEVYLDSSKPA 50 




zf_ERαS         SVNYLDG-AYEYPNPTQTFGTSSPAEPASVGYYP-APPDPH----EEHLQTLGGGSSSPL 68 
zf_ERαL         SVNYLDG-AYEYPNPTQTFGTSSPAEPASVGYYP-APPDPH----EEHLQTLGGGSSSPL 112 
rt_ERαS         AFNYLDG-GYDYTAPAQG--------PAPLYYST-TPQDAHGPPSDGSMQSLGSSPTGPL 63 
rt_ERαL         AFNYLDG-GYDYTAPAQG--------PAPLYYST-TPQDAHGPPSDGSMQSLGSSPTGPL 108 
hu_ERα          VYNYPEGAAYEFNAAAAANAQVYG--QTGLPYGPGSEAAAFGSNGLGGFPPLNSVSPSPL 108 





zf_ERαS         MFAPSSPQLSPYLS---HHGGHHTTPHQVSYYLDSSSSTVYRSSVVSSQQAAVGLCEELC 125 
zf_ERαL         MFAPSSPQLSPYLS---HHGGHHTTPHQVSYYLDSSSSTVYRSSVVSSQQAAVGLCEELC 169 
rt_ERαS         VFVSSSPQLSPQLSPFLHPPSHHGLPSQ-SYYLETSSTPLYRSSVVTNQLSAS--EEKLC 120 
rt_ERαL         VFVSSSPQLSPQLSPFLHPPSHHGLPSQ-SYYLETSSTPLYRSSVVTNQLSAS--EEKLC 165 
hu_ERα          MLLHPPPQLSPFLQPHGQQVPYYLENEPSGYTVREAGPPAFYRPNSDNRRQGG--RERLA 166 




                                           !  !            !  ! 
zf_ERαS         SATDRQELYTGS-RAAGGFDSGKETRFCAVCSDYASGYHYGVWSCEGCKAFFKRSIQGHN 184 
zf_ERαL         SATDRQELYTGS-RAAGGFDSGKETRFCAVCSDYASGYHYGVWSCEGCKAFFKRSIQGHN 228 
rt_ERαS         IASDRQQSYSAAGSGVRVFEMANETRYCAVCSDFASGYHYGVWSCEGCKAFFKRSIQGHN 180 
rt_ERαL         IASDRQQSYSAAGSGVRVFEMANETRYCAVCSDFASGYHYGVWSCEGCKAFFKRSIQGHN 225 
hu_ERα          STNDK---------GSMAMESAKETRYCAVCNDYASGYHYGVWSCEGCKAFFKRSIQGHN 217 




                   !      !          !  ! 
zf_ERαS         DYVCPATNQCTIDRNRRKSCQACRLRKCYEVGMMKGGIRKDRGGRSVRRERRRS-SNEDR 243 
zf_ERαL         DYVCPATNQCTIDRNRRKSCQACRLRKCYEVGMMKGGIRKDRGGRSVRRERRRS-SNEDR 287 
rt_ERαS         DYMCPATNQCTMDRNRRKSCQACRLRKCYEVGMVKGGLRKDRGGRVLRKDKRYCGPAGDR 240 
rt_ERαL         DYMCPATNQCTMDRNRRKSCQACRLRKCYEVGMVKGGLRKDRGGRVLRKDKRYCGPAGDR 285 
hu_ERα          DYMCPATNQCTIDKNRRKSCQACRLRKCYEVGMMKGGIRKDRRGGRMLKHKRQRDDGEGR 277 




zf_ERαS         DKSSSDQCSRAGVRTTGPQDKRKKRSGG---VVSTLCMSPDQVLLLLLGAEPPAVCSRQK 300 
zf_ERαL         DKSSSDQCSRAGVRTTGPQDKRKKRSGG---VVSTLCMSPDQVLLLLLGAEPPAVCSRQK 344 
rt_ERαS         EKPYGDLEHRTAPPQDGGRNSSSSLNGGGGWRGPRITMPPEQVLFLLQGAEPPALCSRQK 300 
rt_ERαL         EKPYGDLEHRTAPPQDGGRNSSSSLNGGGGWRGPRITMPPEQVLFLLQGAEPPALCSRQK 345 
hu_ERα          GEVGSAGDMRAANLWPSPLMIKRSKKNS-----LALSLTADQMVSALLDAEPPILYSEYD 332 





zf_ERαS         HSRPYTEITMMSLLTNMADKELVHMIAWAKKVPGFQDLSLHDQVQLLESSWLEVLMIGLI 360 
zf_ERαL         HSRPYTEITMMSLLTNMADKELVHMIAWAKKVPGFQDLSLHDQVQLLESSWLEVLMIGLI 404 
rt_ERαS         VARPYTEVTMMTLLTSMADKELVHMIAWAKKVPGFQELSLHDQVQLLESSWLEVLMIGLI 360 
rt_ERαL         VARPYTEVTMMTLLTSMADKELVHMIAWAKKVPGFQELSLHDQVQLLESSWLEVLMIGLI 405 
hu_ERα          PTRPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQVHLLECAWLEILMIGLV 392 








zf_ERαS         WRSIHSPGKLIFAQDLILDRSEGECVEGMAEIFDMLLATVARFRSLKLKLEEFVCLKAII 420 
zf_ERαL         WRSIHSPGKLIFAQDLILDRSEGECVEGMAEIFDMLLATVARFRSLKLKLEEFVCLKAII 464 
rt_ERαS         WRSIHCPGKLIFAQDLILDRSEGDCVEGMAEIFDMLLATVSRFRMLKLKPEEFVCLKAII 420 
rt_ERαL         WRSIHCPGKLIFAQDLILDRSEGDCVEGMAEIFDMLLATVSRFRMLKLKPEEFVCLKAII 465 
hu_ERα          WRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSII 452 





zf_ERαS         LINSGAFSFCSSPVEPLMDNFMVQCMLDNITDALIYCISKSGASLQLQSRRQAQLLLLLS 480 
zf_ERαL         LINSGAFSFCSSPVEPLMDNFMVQCMLDNITDALIYCISKSGASLQLQSRRQAQLLLLLS 524 
rt_ERαS         LLNSGAFSFCSNSVESLHNSSAVESMLDNITDALIHHISHSGASVQQQPRRQAQLLLLLS 480 
rt_ERαL         LLNSGAFSFCSNSVESLHNSSAVESMLDNITDALIHHISHSGASVQQQPRRQAQLLLLLS 525 
hu_ERα          LLNSGVYTFLSSTLKSLEEKDHIHRVLDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILS 512 





zf_ERαS         HIRHMSNKGMEHLYRMKCKNRVPLYDLLLEMLDAQRFQSSGKVQRVWSQSEKNPPSTPTT 540 
zf_ERαL         HIRHMSNKGMEHLYRMKCKNRVPLYDLLLEMLDAQRFQSSGKVQRVWSQSEKNPPSTPTT 584 
rt_ERαS         HIRHMSNKGMEHLYSIKCKNKVPLYDLLLEMLDGHRLQSPGKVAQAGEQTE-GPSTTTTT 539 
rt_ERαL         HIRHMSNKGMEHLYSIKCKNKVPLYDLLLEMLDGHRLQSPGKVAQAGEQTE-GPSTTTTT 584 
hu_ERα          HIRHMSNKGMEHLYSMKCKNVVPLYDLLLEMLDAHRLHAP--TSRGGASVEETDQSHLAT 570 




zf_ERαS         SSSSSNNSPRG---------GAAAIQSNGACHSHSPDP- 569 
zf_ERαL         SSSSSNNSPRG---------GAAAIQSNGACHSHSPDP- 613 
rt_ERαS         STGSSIGPMRGSQDTHIRSPGSGVLQYGSPSSDQMPIP- 577 
rt_ERαL         STGSSIGPMRGSQDTHIRSPGSGVLQYGSPSSDQMPIP- 622 
hu_ERα          AGSTSSHSLQK--------------YYITGEAEGFPATV 595 




Figure 2-3. Alignment of amino acid sequences of zebrafish ERα variants with other 
ERα proteins.  
 
The predicted protein sequences of our cloned zebrafish ERα cDNAs were aligned with 
three additional publicly available vertebrate ERα sequences using the Clustal W 2.1 
program and a Gonnet scoring matrix (Goujon et al., 2010; Larkin et al., 2007). Shown 
here are our zebrafish (zf) ERαL (GenBank: EU079275) and ERαS (GenBank: 
AF349412), rainbow trout (rt) ERαL (GenBank: AJ242740) and ERαS (GenBank: 
AJ242741), and human (hu) ERα (GenBank: NM_000125). Arrowheads mark exon-exon 
boundaries for the zebrafish sequences. The zinc-binding motifs as determined from the 
human ERα are underlined, and open circles indicate conserved cysteine residues. 
Secondary structural elements of the human ERα LBD involved in formation of the 
estrogen-binding cavity are boxed, including helix 12 (last box; human ERα aa 539-547), 
which has an essential element for transactivation. The protein regions predicted to be 
missing from our other cloned deletion variants are bounded by arrows as follows: 
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Figure 2-4. Alignment of protein sequences from the A domain of cloned long 
isoforms of ERα in teleost fish showing overrepresented motifs.  
 
The predicted protein sequence corresponding to the A domain of our zebrafish (Danio 
rerio) ERαL was aligned with corresponding sequences from other publicly available 
teleost long ERα sequences (for GenBank numbers, see Table 2-3) using the Clustal W 
2.1 program and a Gonnet scoring matrix (Goujon et al., 2010; Larkin et al., 2007). 
Indicated in bold are conserved residues reported to be important in the suppression of 
ligand-independent transactivation (Métivier et al., 2002). Underlined residues designate 
the beginning of the B domain. Overrepresented motifs within the sequences were 
identified using MEME (Bailey et al., 2009) and color coded to the sequences shown 
below the figure. 
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Figure 2-5. Phylogenetic tree generated from the alignment of the A domains of 
teleostean ERα long isoforms.  
 
A neighbor-joining phylogenetic tree was generated using Clustal W 2.1. See Table 2-3 
for GenBank numbers and Figure 2-4 for sequences. The taxonomic order of the species 
is indicated with brackets or arrows. Species with identified short and long isoforms are 
highlighted. 
 






















Figure 2-6. Number and size of ERα mRNAs in zebrafish, as determined by 
Northern blot analysis.  
 
Total RNA (25 µg/lane) from zebrafish female brain, liver and ovary was size separated 
and hybridized with a [32P]-labeled ERα riboprobe. Band sizes and positions relative to 
an RNA ladder are shown to the right of the panel. Ethidium bromide staining of 

































Figure 2-7. Tissue-specific expression of (A) ERαS, (B) ERαL and (C) total ERα 
transcripts in zebrafish, as determined by qPCR analysis.  
 
Tissues from male (M) and female (F) zebrafish were pooled by sex and tissue type (2-4 
fish per pool) and analyzed using primers specific for ERαS (panel A) or ERαL (panel B), 
and as control a third set of primers targeting sequence in exon 5 common to both ERαS 
and ERαL (and any additional variants containing exon 5; total, panel C) (Table 2-1). 
Results are expressed as mean normalized expression (MNE) +/- SEM of 2 (male liver, 
female liver, testes, ovaries) or 4 (brain, eye, heart of mixed sex) independent pools per 
tissue type. Analysis by one-way ANOVA separately for each mRNA species showed 
significant differences by tissue type: ERαS (F = 170.5; P < 0.001); ERαL (F = 4.614; P = 
0.012); total ERα (F = 22.993; P < 0.001) mRNA. Letters indicate which tissue samples 
differed significantly (P < 0.05) within an mRNA subtype as determined by Tukey’s 































Figure 2-8. Developmental expression of (A) ERαS (B) ERαL and (C) total ERα 
transcripts in zebrafish embryos and effects of E2, as measured by qPCR analysis. 
 
Embryos were treated with vehicle alone (DMSO) or 0.1 µM estradiol (E2) beginning at 
24 hpf. Results are expressed as MNE +/- SEM of 3 independent embryo/larva pools per 
time point and treatment (25-30 individuals per pool). One-way ANOVA of DMSO 
treated embryos showed no change in ERαS (A) or ERαL (B) by stage of development, but 
there was a significant increase in total (C) ERα mRNA (F = 3.625; P = 0.045). One-way 
ANOVA of E2 treated embryos showed significant changes in ERαS (A) (F = 16.183; P < 
0.001) and total (C) ERα mRNAs (F = 115.412; P < 0.001), but not ERαL (B). Asterisks 
a significant difference in expression between the DMSO and E2 treated embryos at a 
given time point as determined by t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Note 


















Figure 2-9. Effects of bisphenol A (BPA) and diethylstilbestrol (DES) on expressed 
levels of ERαS, ERαL and total ERα transcripts in zebrafish embryos/larvae, as 
measured by qPCR analysis.  
 
Embryos were treated with vehicle alone (DMSO), 0.1 µM diethylstilbestrol (DES), or 10 
µM bisphenol A (BPA) beginning at 24 hpf and then collected for qPCR analysis at 120 
hpf. Results are expressed as mean fold change over respective DMSO controls +/- SEM 
of 3 independent embryo/larva pools per treatment group (25-30 individuals per pool). 
Asterisks indicate a significant effect of treatment on a given mRNA species when 
compared to respective DMSO controls by t-test: *, P < 0.05; **, P < 0.01; ***, P < 






Figure 2-10. Tissue distribution (A), developmental changes (B) and estrogen 
regulation (C) of ERαS-Cx and other ERα mRNA variants, in comparison to ERαS, 
ERαL and total ERα transcripts, as determined by PCR analysis.  
 
RNA was prepared from different tissues of adult fish, developing embryos, or 
embryos/larvae treated with DMSO or 0.1 µM E2 beginning at 24 hpf and then collected 
at 96 hpf for RT-PCR analysis, as described in legend to Figure 2-8. Separate aliquots of 
reverse transcribed template were amplified with primer sets specific for ERαL (#3/8), 
ERαS (#1/6), total ERα mRNAs (#10/11), and ERαS-Cx (#4/5) to obtain 1184, 1165, 1049 
and 1448 bp products, respectively (Table 2-1). The first three primer sets also allowed 
for the amplification of internal exon deletion variants within those regions (panel A 
only), which were identified by their amplicon size: respectively, ERαLΔ2b-5 (174 bp), 
ERαSΔ2b-3 (510 bp), and ERαΔ7-9 (545 bp). Reverse transcribed cDNA was also 
amplified with β-actin primers (actin) to demonstrate equal loading. All primer sets were 
run simultaneously at 40 cycles and under the same PCR conditions. Aliquots of the PCR 
reactions were size separated by agarose gel electrophoresis and ethidium bromide (EtBr) 
stained. In panels B and C all samples within one primer set were electrophoresed on a 
single gel and cropping allowed for the exclusion of intermediary lanes that were not 




















Figure 2-11. (A,B) Identification of the N-terminus of the C-terminally truncated 
ERα variant (ERαS-Cx) and (C) regulation by bisphenol A (BPA) and 
diethylstilbestrol (DES).  
 
To determine the 5’-end of the C-terminally truncated variant initially identified by 3’-
RACE, reverse transcribed RNA was amplified with ERαS (A) or ERαL (B) specific 
forward primers (1 and 3, respectively, Table 2-1) and a reverse primer targeting 
sequence in the retained intron 8 (5, Table 2-1) to give 1682 or 1447 bp products, 
respectively. As a control, a forward primer in exon 2b common to both transcripts (4, 
Table 2-1) was paired with the reverse primer targeting the retained intron 8. (C) To 
determine regulation by BPA and DES in comparison to regulation by estradiol (E2) 
RNA was prepared from embryos that were exposed to vehicle alone (DMSO), 10 µM 
BPA, 0.1 µM DES, or 0.1 µM E2 beginning at 24 hpf and then collected for PCR 
analysis at 120 hpf as described in the legends of figures 2-8 and 2-9. Aliquots of reverse 
transcribed template were amplified with primer sets specific for ERαS (#1/6) or ERαS-Cx 
(#4/5) (Table 2-1). Reverse transcribed cDNA was also amplified with β-actin primers 
(actin) to demonstrate equal loading.	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CHAPTER THREE: Cloning of multiple ERα mRNA variants in killifish (Fundulus 
heteroclitus), and differential expression by tissue type, stage of reproduction, and 
estrogen exposure in fish from polluted and unpolluted environments 
SUMMARY 
Much of the research on estrogen-like endocrine disrupting chemicals 
(xenoestrogens, XE) has focused on the effects of short-term exposures on the expression 
of estrogen target genes. Here we also examined the effects of long-term, 
multigenerational XE exposure, and in particular the influence on alternative splicing of 
estrogen receptor alpha (ERα) on the estrogen response system of killifish. We compared 
two populations of killifish (Fundulus heteroclitus): one resident in an estrogenic 
polluted environment (New Bedford Harbor, NBH), which has demonstrated an altered 
response to administered estrogen, and one from a clean reference site (Scorton Creek, 
SC). In total we identified nineteen ERα variants, each with deletions of one or more 
coding exons. Four of the variants were chosen for further analysis, and expression 
patterns differed by tissue type, site, sex, seasonal reproductive status, and in response to 
estrogen treatment. Significantly, ERαS predominated in liver and ovary and its 
expression in those tissues was increased during reproductive activity. These seasonal 
increases were repressed in NBH fish. Both ERαS and ERαL transcripts were responsive 
to estrogen treatment, although ERαS was more responsive, and estrogen induction of 
both isoforms was reduced in NBH fish. Two C-terminal ERα variants, Δ6 and Δ6-8, 
were demonstrated to be NBH-specific, yet differentially expressed between individual 
NBH fish. Nonetheless, Δ6 and Δ6-8 were ubiquitous between tissues within an 
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individual and were associated with reduced sensitivity to estrogen treatment. These 
results support the idea that alternative splicing of the esr1 gene of killifish is part of the 
autoregulatory mechanism by which estrogen modulates subsequent ERα expression in 
various tissue types, and further demonstrate that exposure to endocrine disrupting 
chemicals can both affect this endogenous autoregulation and introduce novel splicing 
variation, possibly resulting in altered estrogen responsiveness. 
 
INTRODUCTION 
It is well established that estrogen-like endocrine disrupting chemicals (EDCs) 
interact with the ligand-binding site of estrogen receptors (ER) to alter transcription. 
However, the extent to which EDCs alter estrogen signaling though mechanisms other 
than direct transcriptional activation, and how these mechanisms change in populations 
with long-term, multi-generational EDC exposures remain largely unexplored. To 
address these questions, we have studied two populations of killifish (Fundulus 
heteroclitus): one resident in a polluted EPA Superfund site (New Bedford Harbor, MA; 
NBH) and one resident in a clean reference site (Scorton Creek, MA; SC). The NBH 
killifish population is advantageous in that both the duration (>50 years, ~20 generations) 
and chemical composition of pollutant exposure are well documented (Weaver, 1984). 
Further, the NBH killifish have demonstrated resistance to polycyclic aromatic 
hydrocarbons (PAHs), dioxins, and dioxin-like polychlorinated biphenyls (PCBs) as 
measured by reduced toxicity and decreased cytochrome P450 1a1 (cyp1a) expression 
and activity (Bello et al., 2001; Nacci et al., 1999). This resistance is heritable (Nacci et 
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al., 2010), and has been ascribed to a genome-wide disruption of aryl hydrocarbon 
receptor (AhR) signaling (Oleksiak et al., 2011; Whitehead et al., 2010); however, the 
exact mechanism remains to be determined (Aluru et al., 2011; Hahn et al., 2004; Reitzel 
et al., 2014). 
Similar to the changes in AhR signaling, we have demonstrated alterations in the 
estrogen-signaling pathway in NBH killifish. The NBH environment is estrogenic, as 
measured by increased mRNAs of estrogen responsive genes (vitellogenin, Vtg and brain 
aromatase, AroB) in reproductively inactive adults (Greytak et al., 2005), but ERα 
mRNA (itself a marker of estrogen exposure) was unchanged (Greytak and Callard, 
2007). On the other hand, Vtg and ERα mRNAs in reproductively active NBH females 
was lower than in reference site females and this was associated with a lower 
gonadosomatic index and reduced plasma estrogen, indicative of endocrine disruption 
(Greytak and Callard, 2007; Greytak et al., 2005). However, when developing NBH 
embryos/larvae were analyzed, ERα mRNA levels were five-fold higher than reference 
site embryos/larvae, but there were no differences in Vtg or AroB mRNA (Greytak and 
Callard, 2007; Greytak et al., 2010). Paradoxically, these NBH embryos were 
hyporesponsive to estrogen treatment as measured by AroB and ERα expression (Greytak 
et al., 2010). By contrast, the induction of estrogen responsive genes in NBH males was 
the same or greater than in SC males (Greytak et al., 2010). 
Taken together, these results indicate discordance between expressed levels of 
ERα and the functioning of the estrogen response system as measured by estrogen 
inducible levels of ERα, Vtg and AroB mRNA in NBH killifish. In humans, alternative 
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splicing of the gene encoding ERα (ESR1) generates many structurally and functionally 
different ERα variants, and these variants differ by tissue-type, physiological condition 
and disease phenotypes (for a review, see Taylor et al., 2010). In fish, alternatively 
spliced ERα variants have been identified in many species (Cotter et al., 2013; Pakdel et 
al., 2000; Patino et al., 2000; Pinto et al., 2012; Seo et al., 2006; Tan et al., 1996; Xia et 
al., 1999). In particular, the presence of a long (full-length) and a short (N-terminally 
truncated) ERα mRNA appears to be conserved in a large number of taxonomically 
diverse teleosts (Cotter et al., 2013). In rainbow trout, in which short and long ERα 
variants were first identified, the two were shown to be generated by alternative splicing 
and were found to display differential tissue distributions and transactivation activities 
(Menuet et al., 2001; Pakdel et al., 2000). Further, in zebrafish, short and long 
alternatively spliced ERα variants were reported to be differentially regulated by tissue 
type, developmental stage, and estrogen and xenoestrogen exposure (Cotter et al., 2013). 
Our initial cloning efforts demonstrated no significant site-related differences in 
single nucleotide polymorphisms (SNPs) in the coding region of the esr1 gene of NBH 
killifish (Greytak and Callard, 2007), nor were any identified in a more comprehensive 
candidate gene scan SNP analysis which included ERα (Proestou et al., 2014). 
Nonetheless, one alternatively spliced ERα mRNA was cloned (ERαx; Greytak and 
Callard, 2007). Although this variant predicted a potential dominant negative isoform 
which lacked the essential ligand binding and AF2 domains, differences in expressed 
levels of this variant in the NBH and SC populations were not quantified, nor was the 
presence of possible additional functionally relevant ERα variants investigated.  
	  	  
73	  
Here we sought to examine the hypothesis that alternative splicing of the esr1 
gene in NBH killifish leads to a population of ERα that differ structurally and 
functionally from those in SC killifish, and that these variant ERα isoforms are associated 
with the altered estrogen responses observed when NBH adults and embryos are 
compared to SC reference fish. A targeted PCR cloning approach was used to 
comprehensively survey splicing patterns in fish from both sites. Quantitative (q) and 
semi-quantitative (sq) PCR analysis was then applied to document expression of selected 
ERα variants in tissues of adult male and female SC and NBH fish, and to determine if 
basal or estrogen inducible changes in expression are associated with reproductive status 
and estrogen treatment.  
 
MATERIALS AND METHODS 
Collection and treatment of adult killifish  
To obtain tissues for PCR cloning and determine the tissue distribution of identified ERα 
mRNA variants (Figure 3-4), adult killifish (six of each sex) were collected monthly from 
SC and NBH between May (reproductively active) and October (reproductively inactive), 
as described previously (Greytak and Callard, 2007; Greytak et al., 2005). Size, body 
weight and gonadosomatic index (GSI) of these fish were also reported in these earlier 
publications.  
To determine effects of estrogen on expression of ERα, AroB and Vtg mRNAs 
(Figure 3-5, 3-6, Table 3-5) additional male and female killifish were collected from the 
two sites during the period of reproductive inactivity (June 2013), kept for two months in 
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separate flow-through tanks with ambient temperature and light cycles at the National 
Health and Environmental Research Laboratory (Aquatic Ecology Division, US EPA), as 
previously described (Nacci et al., 1999), and then injected intra-peritoneally with 5 
mg/kg 17β-estradiol (E2; Sigma) in sesame oil or vehicle alone 5 days before 
decapitation. This concentration was chosen based on previous studies (Greytak et al., 
2010; Pait and Nelson, 2003; Urushitani et al., 2003), which demonstrated significant 
induction of Vtg, AroB, and ERα via this route of exposure. Average body weights of 
these groups were SC males 6.52 g +/- 0.34 g, SC females 7.39 g +/- 0.48 g, NBH males 
8.13 g +/- 0.48 g, NBH females 10.05 g +/- 0.85 g, and reproductive regression was 
verified via visual inspection. All fish were anesthetized in 0.06% MS-222 (Sigma) 
before decapitation. Tissues were immediately quick-frozen on dry ice, and stored at -70 
°C.  
RNA extraction and reverse transcription 
 Frozen tissues were homogenized in Tri Reagent (Sigma) and total RNA was 
extracted according to the manufacturer’s instructions. Extracts were treated with DNase 
I (Promega) to minimize gDNA contamination. Concentration and quality of RNA was 
determined spectrophotometrically and confirmed by gel electrophoresis. Reverse 
transcription of 3 µg of total RNA (20 µl reaction volume) was performed using 
oligo(dT) priming and SuperScript II reverse transcriptase (Invitrogen), according to the 






 Oligonucleotides used for PCR and qPCR are listed in Tables 3-1 and 3-2. 
Primers used in qPCR measurements of total ERα (Q5/Q6, Table 1), AroB (F-
ACGAGCACAGTCTGAGCATGAG; R- CTCAGATCCTCGTCATCGTTCA) Vtg (F- 
GAGGATCTGTGCTGATGCAGTTGTG; R- GGGTAGAAGGCAGTCTTTCCCAGG), 
and elfa (F- TGATCCCCCAGAAGCCCATGGT; R- GCCACGGTCTGCCTCATG) 
were previously published except for elfa (Greytak and Callard, 2007; Greytak et al., 
2005; Greytak et al., 2010). All other primers (Tables 3-1 and 3-2) were designed using 
the Primer Express 2.0 software program (Applied Biosystems, Foster City, CA) and 
based on previously published or newly obtained sequences of killifish and marine 
medaka ERα cDNAs (GenBank # AY571785 and AY917147) and the medaka 
(Ensembl.org, #ENSORLG00000014514) or killifish (Fundulus.org) genomes. 
Targeted PCR cloning and cDNA analysis 
 Reverse transcribed cDNA was amplified using exon-specific primers (2 mM 
each) and GoTaq Flexi polymerase (Promega) under the following conditions: 95 oC for 
5 minutes; 40 cycles of 95 oC for 30 seconds, 62 oC for 30 seconds, and 72 oC for 1 
min/kb; and 72 oC for 10 minutes. The ERα cDNA products were size separated on a 2% 
agarose gel, and the bands extracted using the MinElute Gel Extraction Kit (Qiagen; 10 
µl final volume). An aliquot (3 µl) of purified product was ligated into pGEM®-T Easy 
vector (Promega) and cloned using JM109 competent cells (Promega). Colonies were 
cultured and plasmid DNA was isolated using a Wizard® SV Minipreps DNA 
Purification System (Promega). Each sample was sequenced (Eurofins MWG Operon, 
	  	  
76	  
Huntsville, AL or Eton Bioscience, San Diego, CA) in two directions using plasmid 
specific primers. Sequences were analyzed using BLAST. 
Quantitative (q)PCR analysis 
 As previously described (Greytak and Callard, 2007; Greytak et al., 2005; 
Greytak et al., 2010), real-time qPCR analysis was performed using an ABI PRISM 7900 
HT (Applied Biosystems) instrument with SYBR green fluorescent labeling. 
Amplifications were performed in triplicate for each cDNA sample in optically clear 384-
well plates. Cycling parameters were as follows: 50 oC for 2 minutes, 95 oC for 10 
minutes; 40 cycles of 95 oC for 15 seconds, 60 oC for 1 minute. Data were exported to Q-
gene (Simon, 2003), adjusted for amplification efficiency, and normalized to elfa as 
previously described (McCurley and Callard, 2008). Results are expressed as mean 
normalized expression (MNE +/- SEM) of at least three independent biological replicates 
per experimental condition (see figure legends). 
In vitro translation 
 To obtain the full coding region of ERαS, ERαL, and ERαSΔ6-8 end-to-end PCR 
was applied using specific primers in exons 2a, 2b, and 9 (Table 1) and NBH killifish 
liver cDNA. Variants were size separated on a 1% agarose gel, and the bands extracted 
using the MinElute Gel Extraction Kit and cloned into pcDNA3.1 mammalian expression 
vectors (Invitrogen). [35S]methionine-labeled ERα proteins were generated in vitro with a 
TNT coupled reticulocyte lysate system using 1 µg of the T7-promoter driven pcDNA 




Statistics   
Statistical analysis by one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparisons test was performed using the Sigma-Stat 3.5 package 
(Aspire Software, Leesburg, VA). Student’s standardized t-test was performed where 
specified using the online QuickCalcs calculator (GraphPad). See figure legends for 
details. Significance was set at P ≤ 0.05.  
Statistical analysis by analysis of covariance (ANCOVA) was performed using 
JMP 11.0 (SAS, Cary, NC) to determine the predictors of expression changes in estrogen 
responsive genes. Utilizing data from individual fish, we investigated the effect of the 
independent variables, ERα isoform expression (ERαS or ERαL), population (SC, NBH, 
NBH del), and their interactions on the dependent variable, expression of Vtg, AroB, or 
ERα. Variables were removed in a backwards, stepwise fashion if their effect was not 
significant (P < 0.05). 
 
RESULTS 
Identification of short and long N-terminal ERα variants and structure of the esr1 gene  
Previous research in the rainbow trout and zebrafish (see Introduction, and 
Chapter 2) described two ERα isoforms, ERαL (long isoform) and an N-terminally 
truncated ERαS (short isoform), which are generated by alternative use of transcription 
and translation start sites. In killifish, the previously cloned ERα cDNA (GenBank # 
AY571785, Greytak and Callard, 2007; GenBank # AB097197, Urushitani et al., 2003) 
corresponds to the transcript encoding the short isoform of rainbow trout and zebrafish, 
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and is predicted to be lacking the A functional domain. To determine if killifish have an 
additional ERαL mRNA, we used a homology cloning approach. In silico analysis of the 
ERαL cDNA previously cloned from the taxonomically related marine medaka (Japanese 
killifish; GenBank # AY917147), when aligned with the medaka genome (Ensembl.org, 
#ENSORLG00000014514), suggested the possibility of two N-terminal variants. We first 
designed a degenerate forward primer (#1, Table 3-1) in the presumed exon 2a of the 
medaka gene and paired it with a reverse primer (#2) targeting sequence downstream of 
the translation start codon (presumed exon 2b) of the cloned killifish ERαS transcript. A 
153 bp cDNA fragment was amplified from killifish liver cDNA, indicating a second 
transcript at the 5’ end. Further analysis of killifish liver cDNA using a forward primer 
(#3) positioned in the 5’-UTR of the cloned killifish ERαS (presumed exon 1) paired with 
the same reverse primer (#2) in exon 2b generated two products (114 and 314 bp) that 
were identical in sequence at their 5’- and 3’- ends but the longer clone had a 200 bp 
insertion (presumed exon 2a). These results were confirmed using genomic DNA, 
indicating the presence of both ERαS and ERαL in killifish. Unlike rainbow trout and 
zebrafish, however, the 2013 bp killifish long isoform utilizes the same transcription start 
site (TSS) as the short isoform, and the two variants differ only in the alternative splicing 
of exon 1 onto exons 2a (long) or 2b (short) (Figure 3-1). Translation of the killifish 
ERαL is predicted to begin at ATGII in exon 2a, resulting in a 620 aa protein containing a 
complete A domain (Figure 3-2A). In contrast, the killifish ERαS is predicted to be 
translated from ATGI in exon 2b, resulting in an N-terminally truncated protein that is 
lacking the 47 aa that comprise the A domain (Figure 3-2A). The predicted protein sizes 
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for ERαS and ERαL were confirmed via in vitro translation of the full-length cDNAs 
resulting in 65 and 70 kDa proteins, respectively (Figure 3-2B). The killifish long ERα 
cDNA sequence was entered into GenBank as accession number HM641843.2 (Table 3-
3).  
Mapping of our killifish ERαS and ERαL cDNAs onto the medaka genome, and the 
newly assembled killifish genome (Fundulus.org), revealed a similar gene structure as the 
zebrafish esr1 gene (Ensembl.org, #ENSDARG00000004111), with the only major 
difference being insertion of intronic sequence in exon 5. Cloning of this region using 
killifish genomic DNA and primers in exon 5 (#4/6) confirmed that there is a 140 bp 
intron that divides exon 5 into two parts of 179 and 154 bp, respectively, termed exons 5a 
and 5b (Figure 3-1). The size and sequence of all other introns (with the exception of 
introns 3, 6, and 8) was confirmed using exon specific primers and killifish genomic 
DNA (unpublished data) and is shown diagrammatically in Figure 3-1 and detailed in 
Table 3-4 (GenBank #	  KM236111).  
Identification of ERα variants with deleted internal exons 
 Targeted PCR cloning was applied to identify other possible alternative splicing 
events affecting the killifish esr1 gene, and liver cDNA from killifish from both SC and 
NBH sites was routinely utilized. First, deletions exclusive to the N-terminus of the 
predicted protein were examined using a forward primer in exon 1 and a reverse primer 
in exon 5b (#3/7, Table 3-1), resulting in the identification of four ERα variants, which 
were then extended in the 3’ direction using variant specific forward primers (Table 3-2) 
and a reverse primer in the 3’ UTR (#9). The first two (termed ERαΔ2, GenBank: 
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HM641845; and ERαΔ2-3, GenBank: KF931638) resulted from the direct splicing of 
exon 1 to exons 3 or 4 respectively (Figure 3-1, g/h). The second two (named ERαΔ2.5, 
GenBank: KF931639; and ERαΔ2.75, GenBank: KJ650315) resulted from the splicing of 
exon 1 to internal splice acceptor sites approximately one-half or three-quarters into exon 
2b (Figure 3-1, e/f). The predicted translation start site for ERαΔ2 is at about halfway 
through exon 3 resulting in a protein missing all of the A and B domains, while 
translation of ERαΔ2-3 is predicted from an ATG in exon 4 resulting in a protein missing 
the A, B and the first 38 aa of the C (DNA binding) domains (Figure 3-3, Table 3-3). 
Translation of both ERαΔ2.5 and ERαΔ2.75 is predicted to begin at a start codon at the 
end of exon 2b, resulting in the same 541 aa protein missing the entire A domain (AF-1 
Suppression), and the first 81 aa of the B domain (AF-1) (Figure 3-3, Table 3-3).  
 Next, possible larger deletions in the ERα mRNA were explored using the same 
exon 1 forward primer (#3) paired with a reverse primer in exon 8 (#8), and culminated 
in the discovery of four additional variants, which were then extended in the 3’ direction 
using variant specific forward primers (Table 3-2) and a reverse primer in the 3’ UTR 
(#9). Sequence analysis indicated that the first two of these variants (named ERαSΔ2-3.5, 
GenBank: KM040769; and ERαΔ2.5-3.5, GenBank: KM040770) resulted from the 
splicing of internal regions of exon 2b onto internal regions of exon 3 (Figure 3-1, c/d). 
The predicted protein translated from ERαΔ2-3.5 is expected to be the same as ERαΔ2, 
while ERαΔ2.5-3.5 is expected to be the same as ERαΔ2-3 (Figure 3-3, Table 3-3). The 
other two variants (termed ERαΔ2-6, GenBank: HM641844; and ERαΔ2b-7.5, GenBank: 
KJ650316) resulted from either the direct splicing of exon 1 onto exon 7, or the splicing 
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of the end of exon 2a to an internal splice site halfway through exon 7 (Figure 3-1, i/j). 
The predicted translation start site for ERαΔ2-6 is at the beginning of exon 7, while 
ERαΔ2b-7.5 contains ATGII in exon 2a, resulting in 206 and 179 aa proteins, 
respectively, both missing all of the A-D domains, and one-third of the E domain (Ligand 
Binding/AF-2) (Figure 3-3, Table 3-3). 
 Lastly, we targeted further possible ERα mRNA variants by performing end-to-
end PCR using the exon 1 forward primer (#3), and a reverse primer in the 3’ UTR (#9). 
This technique yielded four remaining variants; two of which (named ERαΔ3-7.5 and 
ERαΔ2-7) were created by the alternative splicing of a site within exon 2b to a site either 
halfway through exon 7 or at the beginning of exon 8, and the other two (ERαΔ6 and 
ERαΔ6-8) consisting of the direct splicing of exon 5b onto exon 9 (Figure 3-1, k/l/m/n). 
All four have either the short or the long variation at the 5’ end and as such translation is 
predicted to start from either ATGI or ATGII. Δ3-7.5 would therefore yield protein of 
two sizes, 257 aa (ERαSΔ3-7.5, GenBank: KJ650313) and 304 aa (ERαLΔ3-7.5, 
GenBank: KJ650314), both of which are missing half of the B and E domains, and all of 
the C and D domains (Figure 3-3, Table 3-3). On the other hand, Δ2-7 would yield two 
proteins that are 191 aa (ERαSΔ2-7, GenBank: KF931636) and 238 aa (ERαLΔ2-7, 
GenBank: KF931637), both of which are missing most of the B domain, all of the C and 
D domains, and half of the E domain (Figure 3-3, Table 3-3). Depending on ATG usage, 
Δ6-8 would be translated into two proteins of 334 aa (ERαSΔ6-8, GenBank: KJ650320) 
and 381 aa (ERαLΔ6-8, GenBank: KJ650321) which, due to a frame shift, would be 
missing almost all of the E domain and the complete F domain (agonist/antagonist 
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distinction) with an additional 10 aa at the C-terminus (Figure 3-2A, Table 3-3). The two 
variants of Δ6 (ERαSΔ6, GenBank: KJ650318 and ERαLΔ6, GenBank: KJ650319) would 
have a frame shift similar to the Δ6-8 splice variant and would result in similar proteins 
(Figure 3-2A). The predicted protein size for ERαSΔ6-8 was confirmed by in vitro 
translation, which yielded a 42 kDa protein (Figure 3-2B).  
 In addition to the combination of internal deletions with either the short or long 5’ 
ends, we identified several variants produced by more than one splicing event. For 
instance, Δ2b-7.5 co-occurred with the previously identified ERαx variant (Greytak and 
Callard, 2007) predicting a 69 aa protein (GenBank: # KJ650317) containing only small 
fractions of the E and F domains. Moreover, the Δ2-3.5 and Δ6-8 deletions co-occurred 
to predict a 197 aa protein (GenBank: KF931640) that would be missing all of the B and 
F domains and most of the E domain (Figure 3-3, Table 3-3). 
Differential expression of short, long, and total ERα mRNAs by tissue-type in 
reproductively active and inactive SC and NBH killifish  
 In previous studies, we reported that ERα mRNA expression varies by tissue-type, 
sex and reproductive status in SC and NBH killifish (Greytak and Callard, 2007; Greytak 
et al., 2010). To determine whether these variables affect the relative abundance of short 
and long ERα mRNAs we applied real time quantitative (q)PCR analysis using variant 
specific primers. Forward primers (Q1 and Q3) targeted sequences at the 5’ end that are 
exclusive to either ERαS or ERαL (the exon 1/2b boundary or exon 2a, respectively), 
while the reverse primers (Q2 and Q4) targeted exon 2b, which is common to both forms 
(Table 3-1; Figure 3-1). As a control, we used the same primer set that was used in our 
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earlier study (Greytak and Callard, 2007). This primer pair (Q5/6) targeted sequence in 
exons 7 and 8 that is common to both ERαS and ERαL (termed “total” ERα). We used the 
same strategy to demonstrate differential regulation of N-terminal ERα variants in 
zebrafish (Cotter et al., 2013). Confirming our earlier results, total ERα expression in 
reproductively active SC fish was highest in liver (female > male) and ovary, with 
moderate levels of expression in brain and testis (~10-fold lower), and much lower 
expression in eye (~100-fold lower) (Figure 3-4A). Overall, the tissue-specific pattern of 
total ERα mRNA expression was similar for reproductively active SC and NBH killifish 
but NBH fish had significantly lower mean levels of total ERα mRNA in male brain, 
female liver, and ovary (1.5-, 3-, and 3.3-fold, respectively). In general, the pattern of 
ERαS expression of was similar to that of total ERα: highest in liver (female > male; SC > 
NBH), with moderate (ovary, ~10-fold lower) or much lower levels (100-fold lower) in 
other tissues (Figure 3-4B). In contrast to ERαS, ERαL was more evenly distributed across 
different tissues, yet highest in female liver and testis (Figure 3-4C).    
As shown in Figure 3-4, the transition to reproductive inactivity in SC killifish 
significantly decreased expression of total ERα in female liver and ovary and also 
decreased ERαS in both male and female liver and ERαL in ovary. Interestingly, these fish 
also demonstrated a small, but significant, 1.5-fold increase in ERαS mRNA in the male 
brain over their active counterparts (Figure 3-4E). By contrast, the already low levels of 
ERα mRNA in reproductively active NBH fish did not further decrease with the 
transition to reproductive inactivity. Indeed, when reproductively inactive fish are 
compared at the two sites, NBH killifish had higher levels of ERαS mRNA in male brain 
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and testis (Figure 3-4E). In addition, the transition from reproductive activity to inactivity 
in NBH killifish significantly increased ERαS (5.5-fold) and ERαL (2.5-fold) in testis 
(compare Figure 3-4 panels B and E, and C and F), which may reflect previously reported 
differences in size or cellular composition rather than transcriptional activity per se. 
Effects of estrogen on levels of total, short and long ERα mRNAs in the liver of 
reproductively inactive male and female SC and NBH killifish 
In our earlier study, we reported that a single submaximal estradiol injection 
upregulates mRNAs of total ERα and Vtg in liver and AroB in brain of reproductively 
inactive males at both sites after 5 days but there was a high degree of inter-individual 
variability, especially in NBH fish (Greytak et al., 2010). To confirm these results and 
determine if estrogen differentially regulates ERαS and ERαL in the liver of killifish, we 
quantified total, ERαS and ERαL mRNAs in reproductively inactive male and female 
killifish from both sites using the same treatment paradigm. As measured by one-way 
ANOVA separately for each mRNA species, total ERα, ERαS and ERαL were estrogen 
responsive in both populations (see legend to Figure 3-5); however, further analysis using 
Tukey’s multiple comparisons test revealed a complex pattern of isoform-, sex- and site-
related differences in basal and estrogen induced mRNA levels. For example, total ERα 
was significantly upregulated by estrogen in SC males and females but not in NBH fish 
of either sex (Figure 3-5A). Moreover, when basal or estrogen-induced levels of ERαS 
(Figure 3-5B) or ERαL (Figure 3-5C) were compared in males or females at a given site 
or across sites, mean differences did not reach significance. As reported earlier (Greytak 
et al., 2010), total ERα was highly variable but not significantly upregulated by estrogen 
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in the brain and gonads of males or females at either site, nor did estrogen induce 
expression of ERαS or ERαL in these tissues (Table 3-5).  
To ascertain the effectiveness of the estrogen treatment paradigm in this 
experiment we also measured Vtg and AroB mRNAs, which are known to be more robust 
than ERα as markers of estrogen responsiveness in many teleosts, including killifish 
(Greytak et al., 2010). As shown in Figure 3-6, one-way ANOVA separately for each 
mRNA species showed a highly significant effect of estradiol on induction of Vtg (50 – 
2000-fold) and AroB (5 – 10-fold) mRNAs. However, when Tukey’s multiple 
comparisons test was applied, mean differences between estrogen- and vehicle-treated 
males or females at a given site were significant in NBH but not SC killifish. Similarly, 
although estrogen increased mean levels of AroB mRNA in brain of killifish at both sites, 
the induction response was approximately double, and reached significance only in NBH 
fish. Similar to qPCR analysis of the three ERα mRNAs (Figure 3-5 and Table 3-5), there 
was a high degree of inter-individual variability in values obtained for Vtg and AroB 
mRNAs. 
NBH-specific expression of C-terminal ERα deletion variants  
Whereas the majority of the ERα exon deletion variants identified in this report 
were expressed at very low levels in adult killifish tissues, ERαΔ6 and ERαΔ6-8 mRNAs 
were exceptional in that their RT-PCR products were relatively high in abundance when 
compared to the normal transcript on agarose gels and one or both were present in a 
subset of NBH killifish (Figure 3-7). Although we were unable to design suitable specific 
qPCR primers to quantify these variants, semi-quantitative PCR analysis with primers 
	  	  
86	  
that bracketed the region between exon 5b and exon 9 (Figure 3-7) shows that five out of 
ten NBH males (#1, 3, 5, 8, 10) and three out of ten NBH females (#4, 5, 6) expressed 
ERαΔ6 and/or ERαΔ6-8 mRNAs whereas none of the SC individuals had detectable 
amounts of these two variants. Interestingly, individuals that expressed mRNAs of one or 
both of the C-terminal variants in liver also expressed these variants in other tissues 
examined (testis and ovary) (Figure 3-8). Smaller amounts of the previously identified 
ERαx deletion variant (Greytak and Callard, 2007) were expressed in both SC and NBH 
killifish.  
Correlation between expression of ERα variants and induction of total ERα, Vtg and 
AroB mRNAs 
As reported in our previous study (Greytak et al., 2010) and shown here (Figures 
3-5 and 3-6, Table 3-5), there was a high degree of biological variability in the measured 
mRNAs, as would be predicted for a wild population. To investigate the possibility that 
variability within the two populations masks significant differences between populations, 
we utilized analysis of covariance (ANCOVA) to test correlations between expressed 
levels of ERαS or ERαL mRNAs (independent variables) and expressed levels of each of 
the estrogen-responsive mRNAs (dependent variables: total ERα, Vtg, AroB) in 
individual fish, combining males and females and estrogen treated and untreated 
individuals segregated by population. In addition to the SC population, NBH killifish 
were separated into two sub-populations: NBH+del, expressing one or both of the C-
terminal deletion variants (ERαΔ6, ERαΔ6-8), and NBH-del, all remaining NBH killifish. 
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Tables 3-6 and 3-7 summarize the statistical comparisons of the regression plots shown in 
Figures 3-9 and 3-10.  
As shown in Figures 3-9 and 3-10, the expression of Vtg mRNA in liver, and total 
ERα mRNA in liver, brain, testis and ovaries were all significantly related to the 
expression of ERαS and ERαL in the same tissue. The relationship between each of the N-
terminal variants and Vtg were also significantly related to population (different 
intercepts), but there was no significant interaction between ERαS/ERαL expression and 
population (similar slopes) (Figure 3-9 A/B). Specifically, the Vtg/ERas relationship in 
SC fish differed significantly from that in both NBH+del and NBH-del fish but 
expression of the deletion variant (NBH+del) tended to shift the intercepts closer to those 
of the SC population (Figure 3-9A). Nonetheless, the Vtg/ ERαS relationship did not 
differ significantly between NBH-del and NBH+del. In contrast to Vtg, there was no 
significant relation between the expression of AroB and either ERαS or ERαL in brain of 
the killifish examined (Figure 3-9 C/D); however, AroB expression was significantly 
higher in NBH as compared to SC killifish at all ERα levels. Expression of total ERα and 
ERαS or ERαL in liver, brain, and ovary was not significantly related to population 
(Figure 3-10). However, in testis, expression of total ERα and ERαS or ERαL was 
significantly related to population, as revealed by different intercepts, but not to an 
interaction between either of the ERα isoforms and population, as demonstrated by 
similar slopes for all regression lines (Figure 3-9 E/F). These population effects were 
specific to the NBH+del population, with no significant differences seen between SC and 




To explain the reproductive success of the NBH killifish population, despite long-
term multigenerational exposure to environmental pollutants and evidence of ongoing 
endocrine disruption, we hypothesized that adaptations in ER-mediated signaling 
pathways somehow attenuate or neutralize the effects of estrogenic chemicals. In earlier 
studies, we found no population-related differences in the coding sequences of the three 
esr genes, expressed levels of ERα, -βa or -βb mRNAs or responses to administered 
estrogen that could be interpreted as adaptive (see Introduction). Here we investigated the 
possibility that EDC-mediated dysregulation of normal gene splicing patterns, by altering 
the spectrum of functionally relevant ER transcripts, could account for maladaptive 
(endocrine disrupting) as well as adaptive (tolerance, resistance) effects of environmental 
chemicals. Using a targeted PCR cloning approach, we systematically documented ERα 
variants in the two killifish populations. A total of nineteen splice variants were 
identified, most of which were low in abundance and presumably functionally irrelevant. 
However, two major alternatively spliced transcripts at the N-terminus predicted a full-
length (long, ERαL) and an N-truncated (short, ERαS) isoform in both NBH and SC fish. 
In addition, two deletion variants (ERαΔ6-8, ERαΔ6), lacking some or all of the exons 
encoding functionally critical LBD/AF-1 domains, were unique to a subset of individuals 
in the NBH population and, where expressed, were relatively abundant as compared to 
the corresponding exon-retained forms. To understand how these variants might 
contribute to endocrine disruption or adaptation, we used variant-specific PCR primers to 
compare expression by tissue type, sex, reproductive condition and estrogen treatment in 
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the two populations, and applied correlational analysis to examine the relationship 
between expressed levels of the key N- and C-terminal ERα variants and estrogen 
responses as measured by markers of estrogen exposure and effect (ERα, Vtg, AroB) in 
individual NBH and SC killifish. 
Alternative N-terminal ERα isoforms.  
 In addition to the previously cloned “short” ERα transcript (Greytak and Callard, 
2007; Urushitani et al., 2003), we identified a second alternatively spliced “long” ERα 
transcript in killifish. Production of ERαL and ERαS mRNAs in killifish is consistent with 
findings in rainbow trout (Pakdel et al., 2000) and zebrafish (Cotter et al., 2013) and, 
together with a survey of publically available ERα mRNA sequences in forty-nine 
taxonomically diverse fish species (Cotter et al., 2013), indicates that alternative splicing 
at the 5’ end of the esr1 transcript is a conserved feature of teleosts (see Introduction). In 
killifish, ERαL and ERαS mRNAs are produced by inclusion or skipping of sequence at 
the proximal end of exon 2 but originate from a single transcription start site, implying a 
single promoter and regulatory region. By contrast, alternatively spliced long and short 
transcripts in trout and zebrafish are produced from two transcription start sites, 
consistent with distinct promoters and regulatory regions. In silico translation of long and 
short transcripts in all three species predicts use of two different ATG codons and is 
supported by the sizes of the in vitro translated proteins. Functional analysis of the long 
and short rainbow trout transcripts after transfection into mammalian cells demonstrates 
that ERαL is activated only in the presence of ligand, whereas ERαS displays some 
ligand-independent activity but its maximal transactivation activity is higher (Pakdel et 
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al., 2000). Further studies indicate that the A domain of the rainbow trout long isoform is 
responsible for suppressing its constituent ligand-independent activity (Metivier et al., 
2000; Métivier et al., 2002), a function that was also demonstrated with human ERα 
(Nicol-Benoit et al., 2011). Thus, based on ERα structure alone, it is unclear whether the 
long or the short isoform would be adaptive in an estrogenic environment.   
 To further understand the potential functional significance of the two N-terminal 
isoforms in killifish, we designed variant specific primers to measure ERαS and ERαL 
mRNAs by qPCR in different tissue types from reproductively active and inactive male 
and female fish at the two sites, and also tested the effects of estradiol treatment. Primers 
that targeted a region common to both long and short transcripts were used as a control to 
estimate overall esr1 expression (“total” ERα mRNA). In general, expressed levels of 
ERαS and ERαL mRNAs reflect differences in total ERα mRNA, which confirm results of 
our previous studies (Greytak and Callard, 2007; Greytak et al., 2010). Where the two 
transcripts differ is in the magnitude of tissue-specific differences, and the degree of 
change when different physiological conditions (male/female, reproductive 
activity/inactivity, estrogen treatment) and fish populations (SC/NBH) are compared. For 
example, the tissue distribution of total ERα and ERαS in killifish (female liver > male 
liver = ovary > other tissues) is consistent with our previous analysis of total ERα and 
ERαS in zebrafish (Cotter et al., 2013). Although the distribution of ERαL to some extent 
reflects the more robust tissue differences of ERαS in killifish, ERαL mRNA does not 
differ significantly in different tissue types in zebrafish. These species differences are 
likely due to the fact that ERαS and ERαL share a single transcription start site in killifish 
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while the two mRNAs utilize separate transcription start sites in zebrafish, and further 
suggest that tissue factors selectively regulate production of ERαS.  
 Similar to tissue-specific patterns of expression, comparison of expressed levels 
of ERαS are significantly related to reproductive status, sex or site whereas ERαL mRNA 
shows little or no change with physiological status. For example, during seasonal 
reproductive activity, hepatic ERαS is higher in SC as compared to NBH females but 
there is no site-related difference in ERαL. Likewise, the transition from seasonal 
reproductive activity to inactivity in SC females is associated with decreased expression 
of ERαS mRNA but no significant change in ERαL. Also, as previously reported (Greytak 
and Callard, 2007), already low levels of total ERα mRNA in the liver of reproductively 
active NBH females are not further reduced by seasonal inactivity.     
 In zebrafish embryos, ERαS but not ERαL is robustly estrogen inducible (Cotter et 
al., 2013), strong evidence that the short isoform is the main component of the 
autoregulatory feedback loop that advances and amplifies estrogenic responses. We infer 
from this that promoter switching from the short to the long transcript is a mechanism 
that could attenuate the autoregulatory feedback loop, which would be adaptive in an 
estrogenic environment. Contrary to this prediction, both ERαS and ERαL are upregulated 
by estradiol in killifish at the two sites. Although basal and induced levels of ERαL are 
lower than ERαS, they generally reflect changes in total ERα, again, consistent with a 





C-terminal ERα deletion variants.  
  Two of the nineteen internal deletion variants identified, namely, ERαΔ6 and 
ERαΔ6-8, were cloned exclusively from NBH killifish. In silico translation of these 
variants indicates a frame-shift after exon 5 and predicts proteins missing the entirety of 
the E and F domains, including the functionally important LBD and AF-2 domains. 
These variants were not identified in zebrafish (Cotter et al., 2013), but a similar variant 
(ERΔE5) with a deletion in exon 5 (corresponding to exon 6 in killifish) has been 
identified in humans and also results in a frame-shift that translates to a protein similar in 
size to the killifish ERαΔ6-8 (Bollig and Miksicek, 2000). The human ERΔE5 variant 
displays a complete inability to bind ligand and, although it lacks transcriptional activity 
of its own, functions as a dominant negative when co-transfected with full-length ERα. 
Interestingly, a C-terminal deletion variant (ERαx) previously identified in killifish 
(Greytak and Callard, 2007) and zebrafish (Cotter et al., 2013) is affected in the E and F 
domains and corresponds to a splice variant termed ERαΔ7 in human (Herynk and Fuqua, 
2004).  
 Using a semi-quantitative PCR approach to co-amplify normal and variant 
products at the C-terminus, we found that ERαΔ6 and ERαΔ6-8 are expressed in a subset 
of individuals in the NBH killifish population and are relatively abundant compared to 
the exon-retained normal product in the same fish. Of twenty vehicle and estrogen-treated 
male and female NBH fish examined, a total of eight expressed variable amounts of one 
or both of these deletion variants as indicated by band intensity. Interestingly, individuals 
expressing ERαΔ6 and/or ERαΔ6-8 mRNA in the liver expressed the same forms in the 
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testis or ovary. This suggests that the C-terminal deletion variants result from a genome-
wide change in factors or mechanisms controlling ERα pre-mRNA processing rather than 
from tissue-, sex- or estrogen-specific regulatory factors. Neither our earlier analysis of 
exonic sequences (Greytak and Callard, 2007) nor our preliminary analysis of intronic 
sequences (unpublished data) of esr1 in NBH killifish identified any sequence changes 
that could be implicated in splicing control, but global changes in gene splicing may also 
be controlled by changes in exonic DNA methylation (Maunakea et al., 2013) or by 
genetic or epigenetic changes in the expression of SR (serine/arginine-rich) proteins or 
other splicing regulatory proteins (Chen and Manley, 2009).  
Relation between ERα variants and estrogen responses in SC and NBH killifish  
Based on lower basal levels of ERα in several tissue types of NBH killifish 
(Greytak et al., 2010), we initially postulated that tolerance to an estrogenic environment 
could be explained by hypo-responsiveness to administered estrogen, and indeed results 
here show that estrogen response is reduced in NBH fish when measured as upregulation 
of total ERα mRNA (but not ERαS and ERαL). However, we confirm here that NBH fish 
are actually hyper-responsive to estrogen when Vtg is measured in liver (females only) 
and AroB is measured in brain (males and females). Although induction of AroB is 
strictly ERβb mediated, estrogen upregulation of ERα and Vtg mRNAs are ERα 
dependent, at least in zebrafish (Griffin et al., 2013). Also, the normal or exaggerated 
estrogen responses we record in adult male and female killifish are in contrast to the 
hypo-responsiveness seen when ERα and AroB mRNAs are measured in NBH embryos 
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(Greytak et al., 2010) and when a variety of estrogen markers are measured in killifish 
from other polluted sites (Bugel et al., 2014; Bugel et al., 2011).  
In this and our previous studies (Greytak et al., 2010) we noted the high degree of 
variability in the estrogen responses of killifish in general and NBH fish in particular, 
which may indicate evolving preadaptive or adaptive mechanisms. Killifish are known to 
be highly polymorphic (Burnett et al., 2007), and variability would not be surprising if 
we consider environmental estrogens as agents of selection for adaptations in estrogen 
signaling pathways. Consistent with this idea, some but not all NBH killifish express ERα 
deletion variants with potential to function as a dominant negatives.  
Accordingly, we took advantage of the many end points measured in 40 
individuals (20 from each site) utilizing ANCOVA to correlate expressed levels of the 
ERα splice variants with markers of estrogen exposure and effect (total ERα, Vtg, AroB 
mRNAs). With this approach, we are better able to unmask differences between 
populations with large intra-population variability. For all tissues examined the expressed 
levels of ERαS and ERαL were significantly correlated with expressed levels of total ERα 
mRNA, indicating that there is little regulation of either isoform that is independent of 
regulation of total ERα mRNA. Expressed levels of Vtg mRNA were also significantly 
correlated with ERα isoform expression, while the expression of AroB was not. This is 
consistent with results of our study using morpholino technology to demonstrate that 
estrogen upregulation of Vtg is mediated, at least in part, by ERα while AroB 
upregulation is mediated exclusively by ERβb in zebrafish embryos (Griffin et al., 2013).  
	  	  
95	  
Interestingly, significant population effects were revealed by ANCOVA but these 
were manifested not as differences in slope but as differences in the position of the 
regression line on the scatter plot (y-intercept). To illustrate, in SC and NBH killifish, 
every increment in ERαS expression is significantly related to an increase in Vtg 
expression; however, for each increment in ERαS mRNA there is greater amount of Vtg 
expressed in NBH than in SC fish. Most importantly, for the relationship between the 
short and long isoforms and Vtg expression, displacement of the regression line on the 
scatter plot relative to the SC controls is greater and more highly significant in fish not 
expressing the deletion variants ERαΔ6 or ERαΔ6-8 (NBH - del) than in killifish in 
which the variants are present (NBH + del). This suggests that the presence of the 
variants somehow “normalizes” the ERα /Vtg relationship. Whether ERαΔ6 or ERαΔ6-8 
function as dominant negatives in vivo, thereby reducing availability of transcriptionally 
active ERα (or other ERs) requires further study.  
A possible explanation for the observed population differences in the ERα/Vtg 
relationship and the hyper-responsiveness of Vtg to estrogen may lie with transcriptional 
memory as a result of the long-term exposure of the NBH fish to their estrogenic 
environment. It has been thoroughly documented that prior estrogen exposure 
substantially increases the rate and magnitude of Vtg upregulation after subsequent 
exposures, and this phenomenon is true for chickens (Beuving and Gruber, 1971), frogs 
(Baker and Shapiro, 1978), and fish (Le Guellec et al., 1988). Although the exact 
mechanism of the Vtg memory effect remains a matter of debate, a recent study in 
rainbow trout implicates the short ERα isoform in the maintenance of transcriptional 
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memory (Nicol-Benoit et al., 2011). Further, there are numerous studies demonstrating 
that developmental exposure to endocrine disrupting chemicals affects estrogen 
responsiveness later in life (Ceccatelli et al., 2006; Maerkel et al., 2005; Newbold et al., 
2004; Roepke et al., 2006) and some of these effects may be mediated by epigenetic 
changes (Bromer et al., 2010).  
An alternative explanation for the observed population differences in the ERα/Vtg 
relationship and the hyperresponsiveness of Vtg to estrogen is that it compensates for an 
inhibitory factor in the NBH environment. In mice, AhR transcriptionally represses ERα 
(Tian et al., 1998), and previous studies have established that there are dioxin-like 
chemicals and changes in the AhR signaling pathway in the NBH killifish (Bello et al., 
2001; Nacci et al., 1999; Powell et al., 2000). It remains to be determined whether there 
are differences in the estrogen response of NBH fish treated in situ and those that have 
been depurated (this study).   
In conclusion, these results demonstrate that there is a significant number of 
alternatively spliced ERα mRNAs in killifish, which are differentially regulated in 
various tissues and in response to estrogen. Further, long-term exposure of the killifish at 
NBH to many different pollutants has differentially altered the expression of these 
mRNAs, including the induction of two novel NBH-specific variants. Although formal 
proof of the dominant negative functions of these variants is required (in vitro and in 
vivo), these results strongly support the idea that the presence of deletion variants in a 
subset of NBH fish is negatively regulating (attenuating/neutralizing) the hyper-
responsiveness of the general population. Furthermore, the presence of C-terminal 
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deletion variants in some but not all NBH killifish indicates that the population is still 
evolving. In this context, it will be important to determine if mechanisms that result in the 
NBH-specific deletion variants are heritable and, if so, whether they are genetic or 
epigenetic in nature. In practice, in will be difficult to definitively identify molecular 
mechanisms of adaptation without studying individuals in the NBH and SC populations. 
Moreover, how the NBH environment is changing in response to remediation or many 
other factors (e.g., climate change) presents an additional urgency to research these 




Table 3-1 Oligonucleotide primer sequences.  
 
Numbering of nucleotide position corresponds to ERαL (GenBank: HM641843) except 
where indicated by asterisk (*) numbering corresponds to position in ERαS (GenBank: 
AY571785). With the exception of primer set Q5/Q6 (Greytak and Callard, 2007; 







 Primer Exon 
Position 
Nucleotid








 2 (R) Exon 2b 294-314 GGAGAGGGTCTCCAGCTCTGA  
 
 
3 (F) Exon 1  
  
1-23 GCCCCGAGGATGATTCATGTATAA 
 4 (F) Exon 5a 
 
1138-1157 GGGACAGATCTTCAGTGGCC 
 5 (F) Exon 5b 1286-1305 CAAGGAGCTGGTCCACATGA 
6 (R) 
 
Exon 5b 1219-1238 TCGGCTAAGTTTTTGACGGG 
 7 (R) Exon 5b 1230-1255 GTGACCTCGGTGTAGGGTCGGCTAAG 
 8 (R) Exon 8 1674-1692 TGAGAGCGTCGGTGATGGT 
 9 (R) Exon 9 2074-2092 TTCAGGCCTCCGACTCACA 
 
 qPCR Q1 (F) Exons 1/2b 8-33* GATGATTCATGTATAAAGGGCAGAAC  Q2 (R) Exon 2b 94-114* GGAGAGGGTCTCCAGCTCTGA 
 Q3 (F) Exon 2a 110-132 GAAAAGGGTGAGACCCAGAGAGA 
 Q4 (R) Exon 2a 191-210 CACGGCAGCACTGATAAGCA 
 Q5 (F) Exon 7 1540-1558 GCATGCTCAAGCTCAAACC 





SF Exon 2a 357-374 CACCATGTACCCTGAAGAGAGC 
 LF Exon 2b 216-233 CACCATGTTGCTCAGGCAGAAC 
R Exon 9 2060-2078 TCACAGGACCTGGGCACAG 
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Table 3-2 Additional primer sequences.  
 
Initial cloning of ERα variants utilized forward primers in exon 1 and reverse primers in 
exons 5b and 8. In order to extend sequence for those variants in the 3’ direction the 
variant-specific forward primers below were paired with a reverse primer in the 3’ UTR. 
 
 
 	    Variant Sequence 







ERαΔ2.5-3.5  AAGAGAGCCGGGTACCACTACG 
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* See Figure 3-1 	    
GenBank 
Accession # 








AY571785 ERαS b 2092 620 A 
HM641843.2 ERαL a 1941 573 none 
HM641845 ERαΔ2 g 582 436 A, B 
KF931638 ERαΔ2-3 h 1238 398 A, B, C 
HM641844 ERαΔ2-6 i 636 206 A-E 
KF931636 ERαSΔ2-7 b, k 740 191 A-E 
KF931637 ERαLΔ2-7 a, k 837 238 B-E 
KJ650313 ERαSΔ3-7.5 b, l 828 160 A-F 
KJ650314 ERαLΔ3-7.5 a, l 926 207 B-F 
KF931639 ERαΔ2.5 e 1654 541 A,B 
KJ650315 ERαΔ2.75 f 1525 492 A, B 
KM040769 ERαSΔ2-3.5 b, c 980 436 A, B 
KJ650316 ERαLΔ2b-7.5 a, j 741 179 A-E 
KM040770 ERαΔ2.5-3.5 d 1014 394 A, B, C 
KJ650320 ERαSΔ6-8 b, n 1428 334 A,E, F 
KJ650321 ERαLΔ6-8 a, n 1526 381 E, F 
DQ413179 ERαx o 1611 463 A, E, F   
KJ650317 ERαxLΔ2b-7.5 o, a, j 411 69 A-F 
KF931640 ERαSΔ2-3.5,Δ6-8 b, c, n 651 197 A, B, E, F 
KJ650318 ERαSΔ6 m 1746 333 E 
KJ650319 ERαLΔ6 m 1836 380 E 
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Table 3-4 Exon and intron sizes 
 
Comparison of exon and intron sizes of the esr1 gene of killifish (GenBank 
#KM236111), medaka (Ensembl.org, #ENSORLG00000014514) and zebrafish 
(Ensembl.org, #ENSDARG00000004111). The sizes of killifish introns were consistent 
with the preliminary assembly of the killifish genome (Fundlus.org) and verified by 
exon-to-exon PCR cloning and sequencing except where indicated with an asterisk (*).  
 
 	   	   Killifish Medaka Zebrafish Exon 1 25 Unknown 76 
Intron 1 510 Unknown 821 
Exon 2a 200 115 139 
Exon 2b 426 431 431 
Intron 2 912 628 3649 
Exon 3 227 215 224 
Intron 3 2515* 433 6821 
Exon 4 117 117 117 
Intron 4 304 334 2089 
Exon 5a 179 191 339 
Intron 5 138 174 N/A 
Exon 5b 154 154 N/A 
Intron 6 3826* 1702 1620 
Exon 6 139 139 139 
Intron 7 1035 962 1701 
Exon 7 134 134 134 
Intron 8 2501* 932 2156 
Exon 8 184 184 184 
Intron 9 1692 168 800 
Exon 9 349 358 1800 
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Table 3-5 Quantitative PCR analysis of total ERα, ERαS, and ERαL mRNAs in the 
brain and gonads of reproductively inactive male and female killifish from NBH 
and SC and the response to estradiol.  
 
See legend to Figure 3-4 for details. Results are expressed as mean normalized expression 
(MNE) +/- SEM of 5 individuals per sex, site, and treatment type. One-way ANOVA 
separately for each mRNA species demonstrated no significant upregulation with E2 
treatment, nor were significant site-related differences detected by paired t-tests. 
 
 	    
   Total ERα ERαS ERαL 
Male Brain 
SC Vehicle 134.07 ± 23.10 3.00 ± 0.67 3.97 ± 0.94 E2 205.40 ± 77.13 3.91 ± 1.25 7.79 ± 3.05 
NBH Vehicle 166.69 ± 49.07 2.04 ± 0.83 3.11 ± 1.14 E2 176.22 ± 53.10 2.79 ± 0.50 2.59 ± 0.49 
Female Brain 
SC Vehicle 1206.03 ± 651.18 4.13 ± 0.72 3.68 ± 0.88 E2 2159.19 ± 1243.15 4.69 ± 0.85 7.40 ± 3.24 
NBH Vehicle 246.25 ± 85.67 2.49 ± 0.80 3.29 ± 0.70 E2 754.77 ± 283.57 2.97 ± 1.04 3.44 ± 0.74 
Testis 
SC Vehicle 376.02 ± 41.85 14.85 ± 2.23 18.15 ± 2.41 E2 261.05 ± 59.80 12.44 ± 2.59 13.43 ± 2.14 
NBH Vehicle 144.84 ± 20.45 11.94 ± 2.31 7.42 ± 1.16 E2 242.35 ± 45.03 16.99 ± 4.53 11.15 ± 2.46 
Ovary 
SC Vehicle 466.79 ± 241.17 22.53 ± 13.81 41.94 ± 24.68 E2 139.97 ± 29.72 2.29 ± 0.52 2.94 ± 0.35 
NBH Vehicle 479.17 ± 176.05 24.46 ± 14.17 36.06 ± 18.47 E2 928.81 ± 666.91 40.12 ± 27.68 67.45 ± 49.38 
	  	  
103	  
Table 3-6 Effects tests of expression levels. 
 
Effects tests of the relations between mRNAs of estrogen responsive genes (dependent 
variable) and mRNAs of ERα variants (independent variable) as a function of expression 
level and population, as determined by analysis of covariance (ANCOVA). For 
regression plots see Figures 3-9 and 3-10. NS = not significant (P > 0.05). 
 












r2 df F P df F P 
Vtg Liver ERαS Liver 0.56 1 38.95 < 0.0001 2 8.11 < 0.01 
Vtg Liver ERαL Liver 0.52 1 40.99 < 0.0001 2 19.34 < 0.01 
AroB Brain ERαS Brain 0.32 NS 2 7.57 < 0.01 
AroB Brain ERαL Brain 0.29 NS 2 6.75 < 0.01 
Total ERα Liver ERαS Liver 0.86 1 111.43 < 0.0001 NS 
Total ERα Liver ERαL Liver 0.73 1 41.65 < 0.0001 NS 
  Total ERα Brain ERαS Brain 0.17 1 6.54 < 0.05 NS 
Total ERα Brain ERαL Brain 0.35 1 15.92 < 0.001 NS 
Total ERα Testis ERαS Testis 0.56 1 7.08 < 0.05 2 8.46 < 0.01 
Total ERα Testis ERαL Testis 0.54 1 5.73 < 0.05 2 5.32 < 0.05 
Total ERα Ovary ERαS Ovary 0.89 1 110.38 < 0.0001 NS 
Total ERα Ovary ERαL Ovary 0.87 1 93.16 < 0.0001 NS 
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Table 3-7 Effects tests of population pairs. 	  
Effects tests of the relations between mRNAs of estrogen responsive genes and mRNAs 
of ERα variants in different population pairs, as determined by analysis of covariance 
(ANCOVA). For regression plots see Figures 3-9 and 3-10. SC = all Scorton Creek 
killifish; NBH+del = New Bedford Harbor killifish expressing ERαΔ6 and/or ERαΔ6-8 
deletion variants; NBH-del = all other NBH killifish excluding NBH+del. NS = not 

















































































































































Figure 3-1. Organization and alternative splicing (a-n) of the killifish esr1 gene, as 
determined by targeted PCR cloning and sequence analysis of ERα cDNAs.  
 
See text for the cloning strategy, Tables 3-1 and 3-2 for primer sequences and Table 3-3 
for mRNA characteristics and GenBank Accession numbers. Cloned cDNAs were 
assembled and mapped onto the marine medaka genome (Ensembl.org, 
#ENSORLG00000014514) and subsequently confirmed by mapping onto a preliminary 
draft of the killifish genome (Fundulus.org) and by PCR cloning and sequencing of 
selected introns. See Table 3-4 for comparison of exon and intron sizes in killifish, 
medaka and zebrafish. A single transcription start site (TS) and two translation start sites 
(ATG1, ATGII) were identified. A transcript beginning at TSI in exon 1 with alternative 
splicing between exon 1 and an internal acceptor site in exon 2 (a) resulted in a short 
transcript lacking exon 2a and predicting translation from ATGI in exon 2b. A second 
transcript beginning at TSI with alternative splicing between exon 1 and exon 2a (b) is 
predicted to begin translation at ATGII in exon 2a. Additional alternative splicing events 
(c - m) resulted in mRNAs with deletions of one or more internal coding exons. The 
previously cloned ERαx mRNA splice variant (n) is included for reference (Greytak and 
Callard, 2007). The six functional domains (A–F) of the human ERα protein (Krust et al., 
1986) are shown below the corresponding exons. Although the esr1 gene has 8 coding 
exons in all vertebrates, by convention the first coding exon is termed exon 2 in zebrafish 
and rainbow trout (Menuet et al., 2004; Pakdel et al., 2000) but exon 1 in mouse and 
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Figure 3-2. (A) ERαS, ERαL ERαSΔ6 and ERαSΔ6-8 isoform structure as predicted 
in silico. (B) Short, long and Δ6-8 ERα isoform size as confirmed by in vitro 
transcription/translation. 
  
(A). Lower case letters in parenthesis are keyed to the splicing events shown in Figure 3-
1. The previously identified ERαS was produced from the splicing of exon 1 to exon 2b 
(b), and was predicted to use ATGI resulting in a protein of 573 aa lacking the A domain. 
The newly identified ERαL was produced from the splicing of exon 1 to exon 2a (a), and 
its translation is predicted from ATGII in exon 2a resulting in a protein of 620 aa 
containing all six functional domains. A deletion variant lacking exon 6 (Δ6, m) was 
paired with both the short and long 5’ends predicting a 333 (short) or 380 (long) aa 
protein, respectively (only the short is shown). A deletion variant lacking exons 6, 7, and 
8 (Δ6-8, n) was paired with both the short and long 5’ends, predicting a 334 (short) or 
381 (long) aa protein, respectively (only the short is shown, b). Both Δ6 and Δ6-8 are 
predicted to be missing most of the E and all of the F domains. The key to the functional 
domains of the ERα protein as defined in human (Krust et al., 1986) and rainbow trout 
(Pakdel et al., 2000) in is shown at the bottom of the panel. Hatched regions indicate 
novel amino acid sequences generated by frame shifts. Predicted protein structure of 
additional cloned mRNAs is included in Figure 3-3. Characteristics of the variant 
mRNAs and predicted proteins are summarized in Table 3-3.  
(B). In vitro translation of ERαS, ERαL, and ERαSΔ6-8 with TNT-coupled reticulocyte 
lysate in the presence of 35S-labeled methionine resulted in proteins of 65, 70, and 42 







Figure 3-3. Minor ERα isoforms, as predicted by in silico translation of the 
identified mRNA deletion variants.  
 
Characteristics of the minor ERα mRNA variants are described in Results and 
summarized in Figure 3-1 and Table 3-3. For key to the functional domains of the ERα 







Figure 3-4. Differential expression of total ERα, ERαS, and ERαL mRNAs by tissue 
type in reproductively active (A, B, C) and inactive (D, E, F) SC and NBH killifish, 
as determined by qPCR analysis.  
 
Tissues from SC and NBH killifish of both sexes were pooled by site, sex, reproductive 
condition and tissue type (2 fish per pool) and analyzed using primers specific for ERαS 
or ERαL. Additional primers targeted sequence common to both variants (“total” ERα). 
Results are expressed as mean normalized expression (MNE) +/- SEM of 3 (liver, brain, 
gonads) or 6 (eye) independent pools per tissue type. Sex-related differences in 
expression were not significant in the eye, so male and female data were combined. 
Analysis by rank-transformed one-way ANOVA separately for each mRNA species 
showed significant differences by tissue type in SC (total ERα: F = 12.31, P < 0.001; 
ERαS: F = 9.55, P < 0.001; ERαL: F = 5.46, P < 0.001) and NBH (total ERα: F = 16.60, 
P < 0.001; ERαS: F = 42.78, P < 0.001; ERαL: F = 3.72, P < 0.01). Asterisks indicate a 
significant difference in expression between sites or by sex at a given site as determined 
by t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Pound signs indicate a significant 
difference in expression between reproductively active and inactive fish from the same 





























Figure 3-5. Induction effects of estradiol on total ERα, ERαS, and ERαL mRNAs in 
the liver of reproductively inactive male and female SC and NBH killifish. 
 
Reproductively inactive adult killifish were collected at each site, acclimated in the 
laboratory for 8 weeks, and then injected with 5 mg/kg of estradiol in sesame oil or 
vehicle alone. Tissues were collected for analysis 5 days post-injection. Results are 
expressed as mean normalized expression (MNE) +/- SEM of 5 individuals per sex, site, 
and treatment type. Analysis by one-way ANOVA separately for each mRNA species 
showed that estradiol significantly upregulated total ERα (F = 16.14, P < 0.001), ERαS (F 
= 11.79, P < 0.01) and ERαL (F = 6.59, P < 0.05) mRNAs in liver. Letters indicate which 
samples differed significantly (P < 0.05) within an mRNA subtype as determined by 
Tukey’s multiple comparisons test. Note the logarithmic scale of the y-axis. For effects of 
estradiol on ERα, ERαS, and ERαL mRNAs in brain and gonads see Table 3-5. Induction 
























Figure 3-6. Effects of estrogen on expressed levels of (A) Vtg and (B) AroB mRNAs 
in male and female SC and NBH killifish. 
 
Adult killifish were injected with estradiol or vehicle alone and tissues processed for 
qPCR analysis (see legend to Figure 3-5). Results are expressed as mean normalized 
expression (MNE) +/- SEM of 5 individuals per sex, site, and treatment type. Analysis by 
one-way ANOVA separately for each mRNA species showed a significant effect of 
estradiol on induction of hepatic vitellogenin (F = 50.56, P < 0.001) and brain aromatase 
(F = 29.03, P < 0.001). Letters indicate which samples differed significantly (P < 0.05) 
within an mRNA subtype as determined by Tukey’s multiple comparisons test. Note the 






Figure 3-7. Expression of C-terminal ERα variants in the liver of individual male 
(A) and female (B) killifish after treatment with estradiol or vehicle alone, as 
determined by RT-PCR analysis and agarose gel electrophoresis.  
 
Adult killifish were injected with estradiol or vehicle alone and livers processed to RNA 
(see legend to Figure 3-5). cDNA from individual killifish livers was amplified with 
primers in exon 5 (#5) and the untranslated region of exon 9 (#9) in order to generate 
full-length and possible N-terminal deletion variants of ERα at the same time. Products 
were size-separated on agarose gels: full-length, 806 bp; ERαΔ6, 668 bp; ERαx, 476 bp; 































Figure 3-8. Comparison of C-terminal ERα variants in the liver and gonads of 
individual NBH males (A) and females (B).  
 
Adult killifish were injected with estradiol or vehicle alone and tissues processed to RNA 
(see legend to Figure 3-5). cDNA from individual killifish tissues was amplified with 
primers in exon 5 (#5) and the untranslated region of exon 9 (#9) in order to generate 
full-length and possible N-terminal deletion variants of ERα at the same time. Products 
were size-separated on agarose gels: full-length, 806 bp; ERαΔ6, 668 bp; ERαx, 476 bp; 










Figure 3-9. Relationship between mRNAs of ERαS (A, C, E) or ERαL (B, D, F) and 
estrogen responsive mRNAs (Vtg: A, B; AroB: C, D; total ERα: E, F) in individual 
killifish from SC (all) as compared to NBH fish expressing ERαΔ6 and/or ERαΔ6-8 
ERα deletion variants (NBH+del) or all other remaining NBH fish (NBH-del).  
 
Adult male and female killifish from NBH or SC were injected with estradiol or vehicle 
alone and tissues processed for qPCR analysis (see legend to Figure 3-5). Results were 
expressed as MNE and log transformed. Analysis of covariance (ANCOVA) was applied 
separately by site and the presence of deletion variants (SC, NBH+del and NBH-del). For 
each estrogen responsive mRNA (Y-axis, dependent variable), ERαS or ERαL mRNA was 
plotted on the X-axis (independent variable). See Table 3-6 for statistical analysis of the 
relationships, and Table 3-7 for significance between regression lines for different 
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Figure 3-10. Relationship between mRNAs of ERαS (A, C, E) or ERαL (B, D, F) and 
total ERα expression in liver, brain, and ovary of individual killifish from SC as 
compared to NBH fish expressing ERαΔ6 and/or ERαΔ6-8 ERα deletion variants 
(NBH+del) or all other remaining NBH fish (NBH-del).  
 
Adult killifish from NBH or SC were injected with estradiol or vehicle alone and tissues 
processed for qPCR analysis (see legend to Figure 3-5). Results were expressed as MNE 
and log transformed. Analysis of covariance was applied separately by site and the 
presence of deletion variants (SC, NBH+del and NBH-del). For each tissue, total ERα 
mRNA was plotted on the Y-axis (dependent variable) and ERαS or ERαL mRNA was 
plotted on the X-axis (independent variable). See Table 3-6 for statistical analysis of the 











CHAPTER FOUR: Differential expression, heritability, and functional activity of 
ERα mRNA variants in killifish (Fundulus heteroclitus) from polluted and 
unpolluted environments 
SUMMARY 
Exposure to endocrine disrupting chemicals (EDC) disrupts both transcriptional 
regulation and alternative splicing patterns of estrogen responsive genes. We have 
identified multiple alternatively spliced variants of ERα in killifish, and have shown that 
they are differentially regulated in adult tissues and in response to estrogen treatment. 
Further, we have demonstrated that the expression of these variants differs between 
adults from a population with long-term, multigenerational exposure to estrogenic EDC 
(New Bedford Harbor, NBH) and those from a population residing in a clean reference 
site (Scorton Creek, SC). Here we analyzed the expression patterns of the alternatively 
spliced ERα variants in SC and NBH killifish embryos (which have been previously 
shown to be estrogen hyporesponsive) and how expression patterns change with parental 
depuration, embryo estrogen exposure, and in successive generations. Estrogen 
hyporesponsiveness of NBH embryos was shown to be unaffected by long-term parental 
depuration, yet was not heritable in successive generations. The N-terminally truncated 
ERαS variant was highly responsive to both laboratory estradiol treatment and estrogenic 
EDCs in the NBH environment. Significantly, NBH-specific C-terminal ERα variants, 
missing all of the ligand-binding and second activation domains, were estrogen-regulated 
and heritable. Further, in vitro studies demonstrated that the C-terminal variants exhibit 
dominant negative potential, and the experimental induction of a similar variant in vivo in 
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zebrafish reduced estrogen responsiveness. These results support the idea that long-term 
exposure to EDCs alters the profile of alternatively spliced variants, and further implicate 
the C-terminal variants as likely mediators of estrogen hyporesponsiveness in NBH. 
 
INTRODUCTION 
Significant evidence has demonstrated that endocrine disrupting chemical (EDCs) 
in the environment interact directly or indirectly with estrogen receptors (ER) to alter 
expression of estrogen-responsive genes. Given that steroid receptors (including ER) can 
regulate alternative splicing in addition to transcription (Auboeuf et al., 2004; Auboeuf et 
al., 2002) it is likely that EDCs also affect splicing decisions, although this has not been 
well studied. Further, the implications of long-term, multi-generational EDC exposures 
on populations and possible adaptive responses are relatively unknown.  
To address these questions, we have chosen to study a killifish (Fundulus 
heteroclitus) population in New Bedford Harbor, MA (NBH), a highly polluted EPA 
Superfund site. This killifish population has been exposed to polychlorinated biphenyls 
(PCBs), heavy metals, and other industrial wastes for over 50 years (> 20 generations) 
(Weaver, 1984). Further, they have demonstrated resistance to the effects of their 
polluted environment, when compared to fish from a clean, reference site (Scorton Creek, 
MA; SC). In particular, the NBH killifish have reduced mortality following exposure to 
PCBs, dioxins, and other dioxin-like chemicals (Bello et al., 2001; Nacci et al., 1999); an 
adaptation that is heritable in successive generations (Nacci et al., 2010) and is ascribed 
to a genome-wide disruption of aryl hydrocarbon receptor signaling (Oleksiak et al., 
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2011; Whitehead et al., 2010). We have also demonstrated that NBH is estrogenic 
(Greytak et al., 2005) and that the NBH killifish display alterations in the estrogen-
signaling pathway measured by the expression of three estrogen-responsive genes: 
vitellogenin (Vtg), brain aromatase (AroB) and ERα. When compared to their SC 
counterparts, reproductively active NBH females have significantly decreased expression 
of Vtg and ERα, along with reduced plasma estrogen levels (Greytak and Callard, 2007; 
Greytak et al., 2005). NBH embryos/larvae overexpress ERα (Greytak and Callard, 
2007), yet paradoxically are hyporesponsive to estrogen treatment (Greytak et al., 2010). 
 In humans, the genes encoding both ERα and ERβ (ESR1 and ESR2) are 
processed by alternative splicing to many different mRNAs, predicting proteins with 
different functions, some of which have been implicated in diseases such as breast cancer 
and neurodegeneration (for a review, see Taylor et al., 2010). In fish, alternatively spliced 
ERα variants have been identified in many species (for review, Cotter et al., 2013; Pakdel 
et al., 2000; Patino et al., 2000; Pinto et al., 2012; Seo et al., 2006; Tan et al., 1996; Xia et 
al., 1999). Specifically, long (full-length) and short (N-terminally truncated) ERα variants 
appear to be a conserved feature of the esr1 gene in all teleosts (Cotter et al., 2013). 
Further, studies of the two isoforms in rainbow trout and/or zebrafish have shown that 
they differ in their tissue-specific expression, regulation by estrogens, and 
transactivational activities (Cotter et al., 2013; Menuet et al., 2001; Pakdel et al., 2000). 
 We have previously shown that in killifish there are greater than twenty 
alternatively spliced ERα mRNA transcripts, including the short and long N-terminal 
variants (ERαS and ERαL). In adult killifish from SC and NBH ERαS and ERαL were 
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differentially expressed based on site, tissue type, reproductive status, and in response to 
estrogen treatment. Further, we identified two NBH specific C-terminal deletion variants 
missing both the ligand binding and second activation domains. Expression of either of 
these deletion variants in adult NBH killifish was associated with reduced estrogen 
responses, but there was a high degree of inter-individual variability (Chapter 3). 
 Here we investigated the expression of ERαS, ERαL, and the C-terminal deletion 
variants in embryos and larvae from SC and NBH. Expression of ERαS and ERαL was 
hyporesponsive to estrogen in NBH larvae, and further, as in adults, expression of the C-
terminal deletion variants was exclusive to NBH. The second (F2) and third (F3) 
generations from NBH are no longer hyporesponsive to estrogen treatment, yet still 
express the C-terminal variants and overexpress ERαS. Bisulfite PCR analysis of these 
larvae showed that population differences in splicing patterns are not due to alterations in 
DNA methylation. Lastly, we examined the transcriptional activities of the ERα variants, 
and showed that although both the short and long isoforms of ERαΔ6-8 have no E2-
induced activity of their own, they can inhibit the transcriptional activity of full-length 
ERα. Further, induction of a similar C-terminal deletion in zebrafish embryos using 
morpholinos replicates the hyporesponsiveness seen in the NBH killifish and the effects 
are different than those seen by just knocking down ERα. 
 	    
	  	  
123	  
MATERIALS AND METHODS 
Collection and treatment of killifish embryos 
Embryos and larvae were obtained as previously described (Greytak and Callard, 
2007). Briefly, field-collected killifish were kept for either 2 weeks (wild-caught from 
NBH and SC) or more than one year (depurated, NBH and SC) in flow-through seawater 
tanks at the National Health and Environmental Research Laboratory (Atlantic Ecology 
Division, US EPA). Laboratory-reared parental stocks (F1 and F2, NBH only) were 
described previously (Nacci et al., 2002). Embryos were obtained by natural spawning, 
and were collected and pooled at defined developmental time points (see figure legends) 
and immediately frozen on dry ice for storage at -70 °C. Treated larvae were exposed to 
vehicle alone or to increasing concentrations of 17β-estradiol (E2; 0.001 – 0.3 µM in 
0.1% DMSO; Sigma) from 15 to 18 dpf. 
RNA extraction and reverse transcription 
Pooled larvae were homogenized in Tri Reagent (Sigma) and total RNA was 
extracted according to the manufacturer’s instructions. Extracts were treated with DNase 
I (Promega Corp., Madison, WI) to minimize gDNA contamination. Concentration and 
quality of RNA was determined spectrophotometrically and confirmed by gel 
electrophoresis. Reverse transcription of 3 µg of total RNA (20 µl reaction volume) was 
performed using oligo(dT) priming and SuperScript II reverse transcriptase (Invitrogen, 






Routinely, reverse transcribed cDNA was amplified using GoTaq Flexi 
polymerase (Promega) under the following conditions: 95 oC for 5 minutes; 40 cycles of 
95 oC for 30 seconds, 62 oC for 30 seconds, and 72 oC for 1 min/kb; and 72 oC for 10 
minutes. The products were size separated on a 2% agarose gels. Killifish primers were 
previously described (Chapter 3): short F (GATGATTCATGTATAAAGGGCAGAAC); 
long F (GAAAAGGGTGAGACCCAGAGAGA); exon 5 F 
(CAAGGAGCTGGTCCACATGA); 3’UTR R (TTCAGGCCTCCGACTCACA). 
Zebrafish primers used to amplify possible exon 6 deletion variants of ERα, ERβa, and 
ERβb were designed using Primer-BLAST: ERα (F- GAAACCGTCGAAAGAGCTGC / 
R- CTCCGAAATCGAGCCACAGT); ERβa (F- CAGAGCCGCCGGAGATTTAT / R- 
GGTCTTCGAGATGGCCCAAA); ERβb (F- TACCTGAGAGAGCCGGTGAA / R- 
AGTCCAGCAGATTCAGCACC). 
Quantitative (Q)PCR analysis 
As previously described (Greytak and Callard, 2007; Greytak et al., 2005; 
Greytak et al., 2010; Chapter 3), real-time qPCR analysis was performed using an ABI 
PRISM 7900 HT (Applied Biosystems) instrument with SYBR green fluorescent 
labeling. Primers for killifish were previously described: Vtg and AroB (Greytak et al., 
2005), total ERα (Greytak and Callard, 2007), ERαS, ERαL, and elfa (Chapter 3). Primers 
for zebrafish were also previously published: Vtg, AroB, ERβa, and ERβb (Griffin et al., 
2013), total ERα, ERαS, ERαL, and elfa (Cotter et al., 2013). Amplifications were 
performed in triplicate for each cDNA sample in optically clear 384-well plates. Cycling 
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parameters were as follows: 50 oC for 2 minutes, 95 oC for 10 minutes; 40 cycles of 95 oC 
for 15 seconds, 60 oC for 1 minute. Data were exported to Q-gene (Simon, 2003), 
adjusted for amplification efficiency, and normalized to elfa as previously described 
(McCurley and Callard, 2008). Results are expressed as mean normalized expression 
(MNE +/- SEM) of at least three independent biological replicates per experimental 
condition (see figure legends). 
Bisulfite PCR 
 Genomic DNA was isolated from individual 18 dpf killifish larvae using the 
DNeasy Blood & Tissue Kit (Qiagen) and following manufacturer’s instructions. 
Concentration and quality of gDNA was determined spectrophotometrically. Bisulfite 
conversion was accomplished using the EZ DNA Methylation Kit (Zymo Research, 
Irvine, CA), and following manufacturers instructions. Briefly, 500 ng of gDNA was 
converted at 50 oC in the dark overnight, and eluted in a 10 µL total volume. Primers 
against the regions of interest were designed using the Bisulfite Primer Seeker 
(www.zymoreseach.com): Promoter/Exon 1 (F- 
AYGAGATTTGATTTTTAGTTTTGTTTGTTGTGTTATG / R- 
TTCCTTACAACTAAAATCCTAAATTTAATACAACTC); Exon 2a/b (F- 
TTAGAGGGGAAAAAAATATTGTGAAAAATAAAGTGAGG / R- 
RTCCCTTCCAAAAAATCCACAACAACTACCCCTCC); Exon 6 (F- 
TTTGAAAGGYGGGTTTTTGGTGATTAGTTGG / R- 
AAAAAAAAAAAAAAAAAACAAAAACAAATAACAAATCC). Bisulfite converted 
gDNA was amplified using ZymoTaq DNA polymerase (Zymo Research) under the 
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following conditions: 95 oC for 10 minutes; 40 cycles of 95 oC for 30 seconds, 55 oC for 
30 seconds, and 72 oC for 1 min; and 72 oC for 7 minutes. The products were size 
separated on a 2% agarose gels. 
Cloning and sequencing 
Gel bands were extracted using the MinElute Gel Extraction Kit (Qiagen; 10 µl 
final volume). An aliquot (3 µl) of purified product was ligated into pGEM®-T Easy 
vector (Promega) and cloned using JM109 competent cells (Promega). Colonies (4 from 
each) were cultured and plasmid DNA was isolated using a Wizard® SV Minipreps DNA 
Purification System (Promega). Each sample was sequenced (Eton Bioscience, San 
Diego, CA) using plasmid specific primers.  
Cell culture, plasmids, transfection and luciferase assay 
 The previously described ERα variant coding regions (Cotter, 2014) were cloned 
into pcDNA3.1/V5-His TOPO expression vectors (Invitrogen). The ERE luciferase 
reporter was generated by Donald McDonnell (Hall and McDonnell, 1999) (Addgene 
plasmid 11354).  
A293T cells were grown in phenol red-free DMEM (Cellgro, Manassas, VA) with 
10% charcoal-stripped fetal bovine serum (Biologos, Montgomery, IL), 2 mM glutamine, 
100 U/mL penicillin, and 100 µg/mL streptomycin in 12-well plates at 50-60% 
confluency. Cells were transfected as previously described (Yeo et al., 2012) using 
polyethylenimine and 1 µg of the ERα expression plasmid, 0.25 µg of the β-gal 
expression plasmid, and 0.25 µg of the ERE reporter except where indicated. After 24 
hours, the culture medium was replaced with the same medium containing increasing 
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concentrations of estradiol (E2, 0.1  - 1.0 µM)  in 0.1% DMSO (final concentration), or 
DMSO alone, and cultures maintained for an additional 24 hours. Luciferase activity was 
assessed using the Luciferase Reporter Assay System (Promega) and normalized with 
respect to β-gal activity. 
Morpholinos and zebrafish embryo microinjection and treatment 
The exon 6 ERα MO oligonucleotide 
(CCTGGAATCCTGGTGAGACAGGAAT) was designed and synthesized by Gene 
Tools, LLC (Philomath, OR). The exon 3 ERα MO oligonucleotide was previously 
reported (Griffin et al., 2013). Zebrafish egg collection and morpholino injection were 
previously described (Griffin et al., 2013). Briefly, fertilized eggs were collected after 
natural spawning of wild type adult zebrafish (Danio rerio) obtained from Ekk Will 
Waterlife Resources (Gibsonton, FL). Embryos were injected (4.6 nl injection volume) 
with either 0.25 or 0.1 mM exon 3 and exon 6 MOs respectively diluted to working 
concentrations in 1X Danieau Buffer with 0.005% rhodamine B (Sigma). At 24 hpf 
embryos were screened for rhodamine fluorescence and were then cultured in media 
containing 17β-estradiol (E2; 0.1 µM in 0.1% DMSO; Sigma) or DMSO alone and 
replenished daily. At 96 hpf larvae were pooled (~10 per sample) by treatment group and 
immediately frozen on dry ice for storage at -70 °C.  
Statistics 
Statistical analysis by one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparisons test was performed using the Sigma-Stat 3.5 package 
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(Aspire Software, Leesburg, VA). See figure legends for details. Significance was set at 
P ≤ 0.05.  
 
RESULTS 
Developmental expression ERα mRNA variants in SC and NBH killifish embryos: effects 
of parental depuration and estrogen treatment  
In our previous studies we reported that NBH killifish embryos from wild-caught 
parents overexpress ERα ~5-fold, as compared to SC embryos (Greytak and Callard, 
2007). Here we confirmed those results (Figure 4-2A), and demonstrated that the 
previously identified ERαS isoform (Chapter 3; Figure 4-1) is also significantly 
overexpressed in these NBH embryos (~10-fold, Figure 4-2B), while the ERαL isoform 
shows no site-related differences (Figure 4-2C). However, when the NBH and SC wild-
caught parents were depurated (purified of EDCs and other contaminants) in clean water 
in laboratory conditions for ~one year, expression of total ERα and ERαS was reduced (5- 
and 10-fold, respectively) in NBH embryos, as compared to NBH embryos from wild-
caught parents, and there were no significant differences in expression between the two 
sites (Figure 4-2, right panels). Further, the relative levels of ERαS and ERαL were 
approximately equivalent, whereas in NBH embryos from wild-caught parents ERαS was 
3 – 5-fold more highly expressed than ERαL. 
Nonetheless, parental depuration did not alter the estrogen resistant phenotype 
previously demonstrated in NBH killifish larvae (Greytak et al., 2010), as measured by 
comparison of the dose-related upregulation of Vtg, AroB, and ERα mRNA by estradiol 
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in NBH and SC larvae (Figure 4-3). Consistent with our previous work in zebrafish 
(Cotter et al., 2013) and in adult killifish (Chapter 3) ERαS was highly responsive to 
estrogen treatment in SC larvae (~ 40-fold maximal upregulation) (Figure 4-4A), while 
ERαL was only marginally responsive (~ 7-fold maximal upregulation) (Figure 4-4B). 
Further, similar to total ERα (Figure 4-3C; Greytak et al., 2010) both ERαS (~ 13-fold 
maximal upregulation) and ERαL (no upregulation) were significantly less responsive to 
estrogen in NBH as compared to SC killifish (Figure 4-4A and B).  
We also investigated the presence of previously identified C-terminal ERα 
deletion variants in SC and NBH embryos/larvae from depurated parents (see Figure 4-
1). As shown previously (Chapter 3), bands corresponding to ERαΔ6 and ERαΔ6-8 were 
amplified from both short and long 5’-termini in NBH but not SC embryos/larvae (Figure 
4-4C). Further, as compared to DMSO treated NBH embryos, exon-retained (normal) and 
C-terminal variants with both short and long N-termini were upregulated by estrogen 
treatment, as indicated by an increase in corresponding band intensities. 
Heritability of estrogen resistance in NBH larvae 
 Although the estrogen resistant phenotype of NBH larvae was unaltered by 
parental depuration, and therefore does not appear to require ongoing pollutant exposure, 
it remains unclear whether it would be heritable in successive generations of NBH 
killifish maintained in clean laboratory conditions. To address this question, larvae from 
depurated NBH parents (F1) were raised to adulthood and then bred to obtain F2 and F3 
generation NBH larvae, which were dosed with estrogen in the same manner as the F1 
generation. As shown in Figure 4-5, the expression of Vtg, AroB, and ERα in F2 and F3 
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generation NBH larvae differed from that seen in F1 larvae, and the differences were 
significant for all mRNAs except Vtg in F2 as determined by one-way ANOVA. Further, 
the expression of the three mRNAs in NBH F2 and F3 larvae did not differ significantly 
from SC F1 larvae, leading us to conclude that estrogen resistance in NBH larvae is not 
heritable. 
 Additionally, expression of ERαS and ERαL mRNA in these same F2 and F3 
generation NBH larvae differed from the corresponding mRNAs in both SC F1 and NBH 
F1 larvae, and the differences were significant except for the comparison of ERαL 
between NBH F2 and SC F1 (Figure 4-6 A/B). Interestingly, the expression of ERαS in 
NBH F2 and F3 generation larvae was 2-fold higher than ERαS mRNA in SC F1 larvae. 
Lastly, examination of the expression of the C-terminal ERα deletion variants on agarose 
gels demonstrated that NBH F2 and F3 larvae express both ERαΔ6 and ERαΔ6-8 at 
similar levels to NBH F1 larvae and that estrogen increases both the exon retained 
(normal) and exon deleted (variant) transcripts (Figure 4-6C). Figure 4-6C also confirmed 
that ERαΔ6 and ERαΔ6-8 are not detectable in SC F1 larvae. 
DNA methylation of killifish esr1 
 Given that at least some of the alternative splicing of ERα mRNA seen in NBH 
killifish larvae is heritable in the F2 and F3 generations (Figure 4-6C), we investigated 
whether differential DNA methylation at CpG islands has a role in the preservation of 
splicing patterns. gDNA from individual SC and NBH killifish larvae was bisulfite-
converted, amplified and then sequenced from the regions surrounding the esr1 
transcription start site, and the regions adjacent to the differentially spliced exon 2a/b and 
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exon 6. As shown in Figure 4-7, all three regions were highly methylated (>70% 
methylation at most sites); however, there were no significant differences between SC 
and NBH in the percent methylation at any of the 50 sites analyzed.  
Transactivational ability of ERα mRNA variants 
 Considering that both ERαS and then C-terminal deletion variants lacked 
functionally important regions of ERα protein (respectively, A and D/E domains), we 
sought to determine whether these isoforms differed in their transactivational ability. The 
full coding regions for ERαS, ERαL, ERαSΔ6-8, and ERαLΔ6-8 were cloned into 
mammalian expression vectors and co-transfected into A293T cells with a luciferase 
reporter fused downstream of three copies of the estrogen response element (ERE) from 
the Vtg gene (Hall and McDonnell, 1999). As shown in Figure 4-8A, E2 treatment 
significantly upregulated the transactivational ability of both ERαS and ERαL; however 
there were no significant differences in reporter activation when the two isoforms were 
compared at a wide range of E2 concentrations. In contrast to ERαS and ERαL, neither 
ERαSΔ6-8 nor ERαLΔ6-8 displayed any activation of the ERE reporter, even at the 
highest E2 concentration (Figure 4-8B). 
 Although ERαSΔ6-8 and ERαLΔ6-8 do not have transactivational activity on their 
own, we hypothesized that perhaps they had the ability to alter the activity of full-length 
ERα. We co-transfected either ERαS or ERαL with increasing amounts of their 
corresponding ERαΔ6-8 variant and treated cells with E2.  At the lower normal to variant 
ratios (1:1, 1:2, 1:5) we did not see any significant difference between ERα alone (1:0); 
however, transcriptional activity of both ERαS or ERαL was significantly inhibited at a 
	  	  
132	  
1:10 normal to variant ratio  (Figure 4-8C), implying that ERαΔ6-8 functions as a 
dominant negative in mammalian cells. 
Effect of morpholino induction of ERαΔ6 in zebrafish embryos 
 To ascertain whether ERαΔ6 or ERαΔ6-8 have a role in estrogen 
hyporesponsiveness in vivo, we sought to generate these variants using MO 
oligonucleotide technology in living zebrafish embryos. A MO (exon 6 MO) was 
designed to target sequence across the boundary of exon 6 and the intron preceding it 
(intron 5; see Figure 4-9A). As shown in Fig. 4-9B, microinjection of this MO induced 
trace amounts of a smaller sized ERα band in both DMSO and E2 treated zebrafish. 
Sequence analysis of this band revealed it was lacking exon 6 in entirety, and in that 
respect was the counterpart of the ERαΔ6 variant identified in NBH killifish (for 
reference see Figure 4-1). In silico analysis of the MO-induced zebrafish ERαΔ6 variant 
predicted an isoform lacking the LBD and AF2 domains. The knockdown of normally 
spliced ERα and consequent induction of alternatively spliced ERαΔ6 was relatively 
modest with the exon 6 MO (Figure 4-9B), when compared to the knockdown effects a 
second, exon 3 MO which resulted in a ~75% reduction in normally-spliced ERα (data 
not shown). We have previously shown that the exon 3 MO results in intron 3 retention 
and predicts a severely truncated isoform lacking the DBD, LBD and AF2 domains 
(Griffin et al., 2013).  
 Figure 4-9C compares the effects of the exon 3 and exon 6 MOs on induction of 
estrogen responsive genes. In agreement with previous results (Griffin et al., 2013), the 
exon 3 MO reduced the induction of Vtg (35-fold) and ERαS (6-fold) but not AroB, 
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which was subsequently shown to be strictly ERβb-dependent. In contrast to results with 
the exon 3 MO, the exon 6 MO reduced the induction of all three estrogen-responsive 
mRNAs (40-, 8-, and 18-fold, respectively). Interestingly, the reduction of Vtg, and ERαS 
expression with the exon 6 MO was similar to if not greater than the reduction with the 
exon 3 MO despite a much more modest knock-down. Not surprisingly, neither MO had 
an effect on the ERαL variant which, in contrast to ERαS, is unresponsive to estrogen in 
zebrafish (Cotter 2013). Although the exon 6 MO did not affect the splicing of ERβa or 
ERβb (Figure 4-10 A/B), it did significantly reduce the expression of ERβa mRNA in 




Previous studies have established that developing killifish from NBH are 
hyporesponsive to estrogen, which would be adaptive in an estrogenic environment 
(Greytak and Callard, 2007; Greytak et al., 2005; Greytak et al., 2010). Paradoxically, 
ERα is overexpressed in the same larval killifish, suggesting that the estrogen receptor 
population comprises a significant fraction of functionally inactive or negative-acting 
forms. We have previously demonstrated that exposure to estrogens and xenoestrogens 
alters the profile of alternatively spliced ERα mRNAs in zebrafish embryos (Cotter et al., 
2013; Chapter 2). Analysis of alternative splicing of ERα in NBH and SC killifish 
revealed the existence of over twenty different variants including N-terminal variants 
(ERαS and ERαL) with differential expression based on site, tissue type, and reproductive 
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status, and C-terminal variants (ERαΔ6 and ERαΔ6-8) which were exclusive to the NBH 
site (Chapter 3).  Furthermore, NBH fish expressing these deletion variants, when 
compared to NBH fish not expressing these variants, had significantly reduced 
responsiveness to estrogen, as measured by induction of Vtg (Chapter 3). Given that the 
C-terminal variants are missing both the ligand-binding and second activation domains, 
we hypothesized that they may play a role in altering the estrogen response of larval 
NBH killifish.  
Here we investigated the possible dominant negative functions of these variants in 
embryos and larvae from NBH, which compared to adult fish, show a more robust and 
consistent estrogen hyporesponsiveness (Greytak et al., 2010). 
 First, to determine whether the overexpression of ERα mRNA in the face of 
estrogen hyporesponsiveness previously observed in NBH larvae was due to the residual 
effects of NBH pollutants, we generated larvae from parents that had been depurated in 
the lab (>1 year). These NBH embryos/larvae did not overexpress ERα mRNA, yet 
remained hyporesponsive to administered estrogen, indicating that some but not all 
effects of the polluted environment are reversible by depuration. Similarly, our previous 
study showed that the gene expression changes seen in adult brain and gonadal tissues 
(increased Vtg/AroB, decreased ERα) were reversed by a 2-month depuration in the lab, 
while ERα remained depressed in liver (Greytak and Callard, 2007; Greytak et al., 2005; 
Chapter 3). Although the half-lives of most PCBs in teleost fish have been reported to be 
~100-200 days (Buckman et al., 2004), the nature and half-lives of pollutants in NBH 
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that are estrogen-like in their bioactivity and are responsible for endocrine disrupting 
effects are entirely unknown.  
 Analysis of the expression of ERα variants in these embryos/larvae showed that 
similar to results from zebrafish embryos (Cotter et al., 2013) ERαS is the main estrogen 
responsive ERα variant both in laboratory exposures to estradiol (Figure 4-4) and in 
environmental estrogenic exposures (Figure 4-2). In contrast to ERαL in zebrafish, which 
is strictly unresponsive to estrogen, ERαL in killifish increases to some extent with 
estrogen treatment, and both ERαS and ERαL are hyporesponsive to estrogen in NBH 
larvae. One explanation is that the killifish esr1 gene has just one transcriptional start site 
for both ERαS and ERαL whereas the zebrafish esr1 gene has two.   
 As reported in our previous study in adult killifish (Chapter 3), expression of 
ERαΔ6 and ERαΔ6-8 is exclusive to NBH fish. Importantly, although ERαΔ6 and 
ERαΔ6-8 can have either short or long 5’ ends, those with short predominate particularly 
with estrogen treatment which upregulates ERαS and ERαSΔ6/Δ6-8. Although expression 
of these C-terminal variants is detected in all embryos pools, ERαΔ6 and ERαΔ6-8 are 
identifiable only in a subset of NBH adults and lacking in others. This suggests two 
lineages, with and without ERαΔ6 and ERαΔ6-8, and indicates that the NBH population 
is diverse and possibly still evolving in response to pollutants. It will be important to 
determine the population genetics of the alternative splicing processes that lead to ERαΔ6 
and ERαΔ6-8. 
 Studies on PCB resistance mediated by the AhR pathway in NBH killifish have 
shown that resistance is heritable across successive generations of embryos (Nacci et al., 
	  	  
136	  
2010). In contrast, here we report that estrogen hyporesponsiveness is not heritable in 
NBH killifish. Interestingly, when we analyzed the expression of alternatively spliced N-
terminal ERα mRNAs in F2 and F3 generation larvae we saw that the amount and ratios 
of ERαS and ERαL differ from both NBH F1 and SC and larvae. In particular, ERαS is 
overexpressed to about twice the levels seen in SC F1 larvae. In marked contrast to the 
N-terminal splice isoforms, ERαΔ6 and ERαΔ6-8 expression remains the same over 
multiple generations in clean laboratory conditions. To date we have not found any 
obvious site-related differences in the sequence of the killifish ERα cDNAs (Greytak and 
Callard, 2007) or the esr1 gene (Chapter 3; unpublished data), nor are there any 
significant differences in DNA methylation of the promoter or coding regions involved in 
splicing. How the splicing events that generate ERαΔ6 and ERαΔ6-8 are maintained in 
F2 and F3 NBH generations remains to be determined.  
In rainbow trout functional studies of the two isoforms demonstrated that while 
ERαL is activated only in the presence of ligand, ERαS displays some ligand-independent 
activity, and has higher maximal transcriptional activity (Pakdel et al., 2000). In contrast, 
we see no differences in the transcriptional activity of the killifish ERαS and ERαL. These 
discrepancies may be due to significant amino acid sequence differences between the A 
domain of the two species (only ~ 25% sequence identity), different EREs in the 
reporters used, and/or differences between the mammalian expression system used here 
and the yeast expression system in the earlier study. In agreement with our findings 
showing that the killifish ERαΔ6-8 reduces transactivtional activity of the exon retained 
(normal) ERα, studies of a similar variant ERα in humans also report a lack of 
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independent transactivational activity and an inhibitory effect on the activity of full-
length ERα (Bollig and Miksicek, 2000). Whether these dominant negative effects hold 
true in fish cells, or on native EREs remains to be tested. 
 As a complement to our in vitro work, we sought to demonstrate the functional 
importance of the NBH-specific, ERαΔ6 and ERαΔ6-8 variants in fish in vivo. By 
targeting the esr1 gene in zebrafish embryos with a splice site MO, we show that even 
modest amounts of an exon 6 deletion variant is sufficient to suppress the estrogen 
induction of Vtg, AroB, and ERαS.  
These results are in contrast to our previous study using an exon 3 MO to 
effectively knockdown functionally ERα. In that study (Griffin et al., 2013) ERα 
knockdown (~75%) had no effect on estrogen induction of AroB, which appeared to be 
regulated by ERβb alone. These results suggest that the exon 6 deletion variant not only 
inhibits activity of ERα responsive genes but also interacts with ERβb. Curiously, 
although the exon 6 MO did not affect splicing or the basal expression of ERβb, it did 
downregulate its expression in estrogen treated embryos. It remains to be determined 
whether ERβb downregulation is its sole interaction with ERαΔ6, or if there are other 
interactions between the two receptors that alter the regulation of AroB. Although a 
dominant negative effect through dimerization with exon retained ERα or ERβb is 
unlikely given the lack of a LBD in the variants, there is evidence that dominant negative 
ERs can also inhibit full-length receptors through interaction with ER co-regulators 
(Bollig and Miksicek, 2000). 
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 In conclusion, these results demonstrate that estrogen hyporesponsiveness in NBH 
larvae persists even when parental stocks are depurated as long as one year after 
collection but is not heritable in F2 and F3 generations. On the other hand, results also 
show that the NBH-specific ERαΔ6 and ERαΔ6-8 variants are estrogen-regulated, 
heritable and display dominant negative potential in vitro and in vivo and are likely 
mediators of estrogen hypo-responsiveness in NBH. These seemingly discrepant findings 
can be reconciled if we postulate that mutigenerational inheritance of dominant negative 
ERα splice variants is compensated by an overall increase in normal ERα isoforms which 
per se corrects the hypo-responsive phenotype of fish removed from the polluted 























Figure 4-1. Predicted structure of short, long, Δ6, and Δ6-8 ERα alternatively 
spliced mRNAs. 
	  
As previously reported (Chapter 3). ERαS is produced from the splicing of exon 1 to exon 
2b, resulting in a protein of 573 aa lacking the A domain. The C-terminal deletion 
variants, Δ6 and Δ6-8, are paired with both the short and long 5’ends (only short shown), 
would both result in a frame shift after exon 5 and would therefore be translated into 
similar proteins missing most of the E and all of the F domain. The key to the functional 
domains of the ERα protein as defined in human (Krust et al., 1986) and in rainbow trout 
(Pakdel et al., 2000) is shown at the bottom of the figure.  




Figure 4-2. Comparison of the developmental expression of total ERα, ERαS, and 
ERαL between SC and NBH killifish embryos/larvae from either wild-caught, or 
depurated parents, as determined by QPCR analysis.  
	  
Embryos from wild-caught eggs parents were previously collected and described 
(Greytak and Callard, 2007). Embryos from depurated parents were obtained by natural 
spawning of laboratory maintained SC and NBH adult fish, kept in running seawater, and 
collected at set intervals during development from 1 to 18 days post fertilization. Results 
are expressed as mean normalized expression (MNE) +/- SEM of 3 independent 
embryo/larvae pools per time point (8-10 individuals per pool). Analysis by one-way 
ANOVA separately for each mRNA species showed significant upregulation in 
expression in NBH embryos from wild-caught parents of total ERα (F = 11.784, P < 
0.01) and ERαS (F = 7.332, P < 0.05), but not ERαL as compared to SC. However there 
were no significant differences between the two sites in expression of the three mRNAs 































Figure 4-3. Estrogen response of NBH and SC killifish larvae from depurated 
parents, as determined by QPCR analysis of AroB (A), Vtg (B), and total ERα (C) 
expression.  
	  
Larvae were treated with vehicle alone (DMSO) or increasing concentrations of estradiol 
(E2, 0.001 – 0.3 µM) between 15 and 18 dpf. Results are expressed as mean normalized 
expression (MNE) +/- SEM of 5 independent larvae pools per time point and treatment 
(8-10 individuals per pool). Analysis by rank transformed two-way ANOVA separately 
for each mRNA species showed significant differences by site (AroB: F = 18.099, P < 
0.001; Vtg: F = 5.274, P < 0.05; total ERα: F = 151.113, P < 0.001) and treatment 
(AroB: F = 26.71, P < 0.001; Vtg: F = 54.616, P < 0.001; total ERα: F = 38.266, P < 
0.001) for all three genes. Asterisks indicate a significant difference in expression 
between SC and NBH embryos/larvae at a given E2 concentration as determined by t-
test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.  
	  




Figure 4-4. Estrogen response of NBH and SC killifish larvae from depurated 
parents, as determined by QPCR analysis of ERαS (A), and ERαL (B) expression, 
and by RT-PCR analysis of C-terminal ERα variants (C). 
	  
Larvae were treated as described in legend to Figure 4-3. Results are expressed as mean 
normalized expression (MNE) +/- SEM of 5 independent larvae pools per time point and 
treatment (8-10 individuals per pool). (A/B). Analysis by rank transformed two-way 
ANOVA followed by Tukey’s multiple comparisons test separately for each mRNA 
species showed significant differences by site (ERαS: F = 13.536, P < 0.001; ERαL: F = 
52.262, P < 0.001) and treatment (ERαS: F = 25.684, P < 0.001; ERαL: F = 4.875, P < 
0.001) for both genes. Asterisks indicate a significant difference in expression between 
SC and NBH larvae at a given E2 concentration as determined by t-test: *, P < 0.05; **, 
P < 0.01; ***, P < 0.001. (C). Pooled larval cDNA was amplified with primers specific 
to the short or long 5’ ends and in the 3’ UTR in order to generate full-length and C-
terminal deletion variants of ERα at the same time, and products were size-separated on 
agarose gels. Additionally, amplification with elongation factor 1 alpha (elfa) primers 

































Figure 4-5. Estrogen response of NBH F2 and F3 generation killifish larvae in 
comparison to F1 generation larvae from NBH and SC, as determined by QPCR 
analysis of AroB (A), Vtg (B), and total ERα (C) expression.  
	  
Larvae were treated DMSO or estradiol as described in the legend of Figure 4-3. Results 
are expressed as mean normalized expression (MNE) +/- SEM of 5 (F1 and F3) or 3 (F2) 
independent larvae pools per time point and treatment (8-10 individuals per pool). 
Analysis by rank transformed two-way ANOVA followed by Tukey’s multiple 
comparisons test separately for each mRNA species showed significant differences (P < 
0.05) for all three mRNAs between NBH F1 and NBH F3, and for all but Vtg between 
NBH F1 and NBH F2. Further, there were no difference between NBH F2 or F3 and SC 




Figure 4-6. Estrogen response of NBH F2 and F3 generation killifish larvae in 
comparison to F1 generation larvae from NBH and SC, as determined by QPCR 
analysis of ERαS (A) and ERαL (B) expression, and by RT-PCR analysis of C-
terminal ERα variants (C). 	  
Larvae were treated DMSO or estradiol as described in the legend of Figure 4-3. (A/B). 
Results are expressed as mean normalized expression (MNE) +/- SEM of 5 (F1 and F3) 
or 3 (F2) independent larvae pools per time point and treatment (8-10 individuals per 
pool). Analysis by rank transformed two-way ANOVA followed by Tukey’s multiple 
comparisons test separately for each mRNA species showed significant differences (P < 
0.05) for both ERαS and ERαL mRNAs between NBH F2 or F3 and NBH F1 or SC F1, 
except for ERαL between SC F1 and NBH F2. (C). Pooled larvae cDNA was amplified 
with primers in exon 5 and in the 3’ UTR in order to generate both full-length and C-
terminal deletion variants of ERα at the same time, and products were size-separated on 
agarose gels. Additionally, amplification with elongation factor 1 alpha (elfa) primers 



































Figure 4-7. Analysis of CpG island methylation in the proximal promoter and over 
differentially spliced exons of esr1 in killifish from SC and NBH. 
	  
Genomic DNA was extracted from individual 18 dpf, F1 killifish larvae and bisulfite 
converted. Converted DNA was amplified with primers specific to the regions of interest, 
and products were cloned and sequenced. Results are expressed as mean percentage +/- 





























Figure 4-8. Transactivation activity of killifish ERα variants (A/B), and inhibitory 
effect of co-expression of full-length and C-terminal variants (C). 
	  
A293T cells were co-transfected with pcDNA3.1 vectors containing the variant of 
interest, plus an ERE-luciferase reporter plasmid, and β-gal control plasmid. Results are 
expressed as average relative luciferase +/- SEM of 3 samples, and were normalized 
using β-gal activity. (A.) Cells transfected with either ERαS or ERαL were treated for 24 
hours with increasing concentrations of estradiol (E2, 0.01 – 1 µM) or vehicle alone 
(DMSO). Asterisks indicate a significant difference in relative luciferase between DMSO 
and E2 treatment as determined by t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B.) 
Cells transfected with ERαS, ERαL, ERαSΔ6-8, or ERαLΔ6-8 were treated for 24 hours 
with 1 µM E2. Asterisks indicate a significant difference in relative luciferase between 
full-length ERαS or ERαL and their corresponding C-terminally truncated variant as 
determined by t-test: *, P < 0.05; **, P < 0.01. (C.) Cells were transfected with ERαS or 
ERαL alone, or in addition to increasing amounts of their corresponding C-terminally 
truncated variant (1:1 – 1:10 ratio) and treated with 1 µM E2. Asterisks indicate a 
significant (P < 0.05) difference in relative luciferase between full-length ERαS or ERαL 






Figure 4-9. Effect of morpholino-mediated induction of ERαΔ6 in zebrafish on 
estrogen responsive genes as measured by QPCR. 
	  
(A.) Placement of exon 6 MO in comparison to previously described exon 3 MO (Griffin 
et al., 2013). (B/C.) Post injection, embryos were treated with vehicle alone (DMSO) or 
0.1 µM estradiol (E2) between 24 and 96 hpf. (B.) cDNA was amplified with primers in 
exon 5 and exon 8 in order to capture alternative splicing of exon 6. (C.) Results are 
expressed as mean normalized expression (MNE) +/- SEM of 3 independent pools per 
treatment (10-15 individuals per pool). Asterisks indicate a significant difference in 
expression with estrogen treatment or between uninjected and MO injected groups as 



























Figure 4-10. Effect of morpholino-mediated induction of ERαΔ6 in zebrafish on 
splicing and expression of ERβa, and ERβb as determined by RT-PCR and QPCR. 	  
Zebrafish embryos were injected with 0.1 mM exon 6 MO (see Figure 4-9), and then 
treated with vehicle alone (DMSO) or 0.1 µM estradiol (E2) between 24 and 96 hpf. (A-
B.) cDNA was amplified using primers designed against exons 5 and 8 of each respective 
mRNA in order to capture any alternative splicing of exon 6. Only E2 treated embryos 
are shown. (C.) Results are expressed as mean normalized expression (MNE) +/- SEM of 
3 independent pools per treatment (10-15 individuals per pool). Asterisks indicate a 
significant difference in expression between uninjected and MO injected groups as 
determined by t-test (P < 0.05). 	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CHAPTER 5: Summary and Future Perspectives 
SUMMARY OF FINDINGS 
 There is significant evidence that xenoestrogens (XE) and other endocrine 
disrupting chemicals (EDC) interact with estrogen receptors (ER) to alter the expression 
of downstream estrogen-target genes including ERα itself. Further, ER signaling is 
complicated by the presence of multiple alternatively spliced variants of both ERα and 
ERβ, which have been identified in both mammalian (including humans) and non-
mammalian species, and which differ functionally from full-length ER (Bollig and 
Miksicek, 2000; Herynk and Fuqua, 2004; Metivier et al., 2000; Pakdel et al., 2000; 
Taylor et al., 2010). Alternatively spliced ER mRNA variants have also been implicated 
in many disease pathologies including cancer of the breast, prostate, and uterus, 
psychiatric illness, and Alzheimer’s disease (for review, see Herynk and Fuqua, 2004; 
Taylor et al., 2010). What remains unclear is whether EDCs also affect alternative 
splicing of ER in addition to their transcriptional regulation. Research in this dissertation 
has characterized the prevalence of alternative splicing of ERα in two species of fish 
(zebrafish, Danio rerio and killifish Fundulus heteroclitus), and how expression of 
variants changed in response to short and long-term exposures to estrogen and EDCs. The 
correlation between changes in the expression of alternatively spliced ERα mRNAs and 
altered estrogen responsiveness was also examined. 
 Chapter 2 discusses the identification of six alternatively spliced variants of ERα 
in zebrafish. These variants are differentially expressed by tissue-type, sex, stage of 
development and in response to estradiol and estrogen-like EDC. Significantly, a full-
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length “long” (ERαL) variant differs from the previously identified N-terminally 
truncated “short” (ERαS) isoform that was missing the 52 amino acids comprising the A 
domain of the protein. ERαS and ERαL are comparable to two variants identified in 
rainbow trout (Pakdel et al., 2000), and investigation of cloned ERα sequences in other 
fish species implies that alternative splicing to create ERαS and ERαL is most likely 
conserved in all teleost fish. Further, ERαS is preferentially expressed in liver and ovarian 
tissues, and is selectively upregulated in response to estrogen, BPA, and DES, 
demonstrating the ability of both estrogens and xenoestrogens to regulate splicing on the 
esr1 gene.  
 Chapter 3 discusses the cloning of nineteen alternatively spliced variants of ERα 
in killifish. It is interesting to note that the number of alternatively spliced variants of 
ERα in killifish is much greater than the number identified in zebrafish. This is perhaps 
not surprising given that it has been previously noted that the level of alternative splicing 
in fish is inversely correlated to genome size (Lu et al., 2010). The zebrafish genome is 
1.5 Gb (ensembl.org, GCA_000002035.2) while a preliminary draft of the killifish 
genome has estimated it to be approximately 0.93 Gb (Fundulus.org), closer in size to the 
closely related species medaka, which has a 0.7 Gb genome (ensembl.org, MEDAKA1) 
and was reported to have about double the amount of alternative splicing (Lu et al., 
2010). Importantly, as predicted in Chapter 2, short and long ERα variants are expressed 
in killifish. Patterns of expression for the two isoforms mimic those seen in zebrafish in 
that ERαS is predominantly expressed in liver tissues, is upregulated by estrogen 
treatment, and increases during the transition from reproductive inactivity to activity. 
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Additionally, this expression change due to reproductive condition is suppressed in 
killifish from the polluted NBH site.  
 Further, Chapter 3 examines the estrogen response of adult reproductively 
inactive NBH fish and shows that although there is substantial variability between 
individuals, NBH killifish generally display reduced induction of ERα and elevated 
induction of Vtg and AroB in response to estrogen treatment. Additionally NBH fish 
express two site-specific N-terminal deletion variants (ERαΔ6 and ERαΔ6-8) that are 
predicted to be missing both the ligand binding and second activation function domains. 
The presence of one or both of these two variants is restricted to a subset of individuals 
within the NBH population, however expression of either tends to normalize the estrogen 
response of NBH fish as compared to their SC counterparts. 
 Chapter 4 assesses the expression of ERαS, ERαL, ERαΔ6 and ERαΔ6-8 in 
killifish embryos from NBH and SC. It demonstrates that, as with total ERα expression, 
ERαS but not ERαL is overexpressed in NBH embryos/larvae. Further, depuration of the 
parents of these NBH embryos in clean water in the lab eliminates this overexpression 
effect of the NBH environment (implying it is an effect of chemicals in the NBH 
environment), but not the previously identified hyporesponsiveness to estrogen treatment. 
Estrogen treatment upregulates both ERαS and ERαL in larvae, although ERαS is much 
more responsive, and this effect is suppressed in NBH larvae for both isoforms. As seen 
in adults, expression of ERαΔ6 and ERαΔ6-8 is exclusive to NBH larvae, and both 
variants are upregulated with estrogen treatment. Analysis of estrogen responsiveness in 
F2 and F3 generation NBH larvae shows that expression of ERαΔ6 and ERαΔ6-8 is 
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heritable, whereas the hyporesponsiveness seen in the F1 generation does not persist in 
subsequent generations  
 Lastly, Chapter 4 we analyzes the functionality of the killifish ERα isoforms. In 
vitro analysis in cell culture shows that there are no significant differences in the 
transcriptional activity of ERαS and ERαL on a consensus ERE reporter. Significantly, 
neither ERαSΔ6-8 nor ERαLΔ6-8 show any transcriptional activity, and both demonstrate 
potential to act as dominant negatives when co-transfected with full-length ERα. 
Additionally, morpholino manipulation to induce the production of ERαΔ6 in zebrafish 
embryos results in a significant reduction of estrogen responsiveness. 
 These results lead to a model in which alternative splicing of ERα (in particular 
the expression of ERαΔ6 and ERαΔ6-8) in NBH killifish results from long-term exposure 
to EDCs, and has allowed for an adaptive response to the estrogenic effects of the NBH 
environment. Both ERαΔ6 and ERαΔ6-8 act as dominant negative ERs and reduce the 
estrogen-induced expression of Vtg, AroB, and ERα in adult and larval killifish, 
presumably an advantageous adaptation in a highly estrogenic environment. These 
splicing changes are heritable, while changes in estrogen responsiveness are only seen in 
generations whose parents lived at the NBH site (even after depuration) indicating that 
changes in responsiveness are plastic (physiological, biochemical, developmental), 
adapting to scenarios in which they are no longer required (i.e., non-estrogenic 
environments). 
We assume based on previous results showing that AroB expression is regulated 
by esr2b (Griffin et al., 2013) that these dominant negative variants are capable of 
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interacting with both ERα and ERβb. Pervious work with a similar C-terminally truncated 
dominant negative ERα variant in humans demonstrated that the dominant negative 
variant was unable to directly dimerize with full-length ERα; however it was able to 
interact with the ER co-regulator SRC-1e (steroid receptor coactivator 1e) (Bollig and 
Miksicek, 2000). It was postulated that dominant negative effects are due to competition 
with full-length ERα for a limited amount of essential co-regulators. Differential 
interaction with, and expression of co-regulators may also explain the restoration of 
normal estrogen responses in F2 and F3 generation NBH killifish, especially given the 
prevalence of non-consensus EREs and binding sites for other ER co-regulators (such as 
AP-1 and Sp1) in the killifish Vtg, AroB, and ERα promoters. 
 
SIGNIFICANCE AND FUTURE DIRECTIONS 
 These results suggest that alternative splicing is a novel mechanism for endocrine 
disruption, and that these changes are potentially heritable even after removal from 
contamination. Given that alternative splicing occurs on nearly all genes it is highly 
possible that this mechanism is also relevant to all other classes of chemicals that interact 
with other members of the nuclear receptor superfamily, many of which are impacted by 
EDC (e.g. androgen receptor, thyroid receptor). Additionally, the endocrine system is 
highly conserved amongst all vertebrates; therefore our results are translatable to other 
wildlife and human populations. It has been previously demonstrated that alternative 
splicing can act as a mechanism for adaptation to various environmental pressures. In 
plants, this phenomenon has been very well studied, and changes in splicing have been 
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implicated in adaptation to changes in photoperiod, temperature, salt stress, and disease 
resistance (Ding et al., 2014; Kwon et al., 2014; Yang et al., 2014). Alternative splicing 
has also been associated with pesticide resistance in several insect species (Fabrick et al., 
2014; He et al., 2012; Xu et al., 2005) and has been widely linked to the adaptive 
resistance of multiple cancer types to chemotherapy and other cancer treatments (Dehm, 
2013; Krett et al., 2013; Sprenger and Plymate, 2014). 
This more comprehensive and complete understanding of the actions of endocrine 
disrupting chemicals is crucial for the development and implementation of preventative 
or remedial interventions for wildlife populations and in humans. In the absence of such 
knowledge it is probable that current methods may remain insufficient to prevent or 
reverse disruption, or may have unintended side effects/consequences. Furthermore, it is 
possible that some EDCs mediate disruption primarily in this manner and are therefore 
not identified in investigations studying only changes in transcript levels. Results from 
this study will allow for the development of biomarkers, which will be helpful in the 
detection of new EDCs, and/or previously unidentified populations at risk for or subject 
to endocrine disruption. 
 Although we have predicted that alternative splicing at the N-terminus of ERα is 
common to all teleost fish, to date both have been cloned in only four other fish species 
besides zebrafish and killifish (channel catfish, mangrove rivulus, rainbow trout, fathead 
minnow) (see Table 2-3). It would be pertinent for future studies in other species to make 
a purposeful effort to clone both isoforms, in particular for those species in which we 
have sequenced genomes to aid the cloning process (three-spined stickleback, Nile 
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tilapia, medaka, Fugu, Tetraodon, and platyfish). Further, it would be interesting to note 
whether, as more sequences are added, the A domain alignments continue to cluster 
taxonomically, and how amino acid sequence changes in this domain affect its function.  
 It remains to be seen whether the preferential upregulation of ERαS versus ERαL 
with estrogen treatment is conserved in the other fish species where both have been 
identified, or if it is conserved even in ERαS and ERαL of chicken and Xenopus (Claret et 
al., 1994; Griffin et al., 1999). Moreover it would be pertinent to understand the 
regulation of this process. We have shown in Chapter 4 that knockdown of esr1 prevents 
the estrogen induction of ERαS. However, in (Griffin et al., 2013) we showed that of ERα 
upregulation was also controlled by esr2b; therefore, it would also be interesting to 
examine the effects of esr2a and esr2b knock-down on ERαS regulation. 
Another interesting question that remains is what is controlling the changes in 
alternative splicing in NBH, in particular the heritable expression of ERαΔ6 and ERαΔ6-
8? We have shown that these splicing changes do not seem to be due to genomic 
sequence (genetic) or DNA methylation (epigenetic) changes, at least in the immediate 
vicinity of the alternatively spliced exons. With the upcoming release of the annotated 
killifish genome it would be possible to analyze the expression of trans-acting splicing 
factors, in particular SR proteins and snRNPs which have been previously shown to be 
differentially expressed in tissues with varying splicing patterns (Grosso et al., 2008). 
Previous studies have annotated splicing factors in zebrafish, Fugu, and Tetraodon 




Although there is significant evidence that killifish populations in a wide variety 
of polluted environments are resistant to PAHs, PCBs, and other dioxin-like chemicals 
(see Introduction, Figure 1-1), and many of the chemicals found at these sites have 
potential estrogenic activity, to date the effects of these environments on estrogenic 
signaling have been examined only in one other site: Newark, NJ. The Newark killifish 
population does demonstrate reduced responsiveness to estradiol induction of Vtg when 
compared to a reference population in adults, however there were no significant changes 
in ERα expression, and AroB was not examined nor were embryos/larvae compared to 
adults (Bugel et al., 2014; Bugel et al., 2011). It would therefore, be interesting to note 
the effects of these other polluted environments on estrogen signaling (Vtg, AroB, and 
ERα) in both killifish adults and embryos/larvae, and additionally to examine whether 
these killifish also exhibit altered splicing of ERα. 
While our studies were limited to the effects of pollutant exposure on estrogen 
signaling, PCBs and other EDCs have been shown to interfere with androgen (Bonefeld-
Jørgensen et al., 2001; Portigal et al., 2002; Sohoni and Sumpter, 1998) progesterone 
(Ceccatelli et al., 2006; Lundholm, 1988; Vonier et al., 1996) and glucocorticosteroid 
(Aluru et al., 2004; Bovee et al., 2011) signaling pathways. Further, we know that steroid 
receptors other than ER can regulate splicing of target genes (Auboeuf et al., 2004; 
Auboeuf et al., 2002), and that there is a significant number of alternatively spliced 
variants of the androgen, progesterone, glucocorticosteroid, and mineralocorticosteroid 
receptors (Cork et al., 2008; Dehm and Tindall, 2011; Odermatt and Atanasov, 2009; 
Russcher et al., 2007). In theory then, EDC exposure could also affect the splicing of any 
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of the steroid receptors, which would warrant further examination in the NBH killifish 
population and other populations resident in polluted environments. 
Lastly, we measured estrogen responses in embryonic and adult killifish that had 
been depurated in the lab and were estrogen treated while in water devoid of any other 
EDCs. However, given that studies have shown a significant amount of cross-talk 
between the AhR and ER pathways (Matthews and Gustafsson, 2006; Safe and Wormke, 
2003), it remains likely that the estrogen response seen in clean water may differ from 
that seen when the fish are also exposed to PCBs and other AhR pathway activators. It 
would therefore be interesting to examine whether the results we obtained would change 
if the fish were treated and maintained (perhaps in cages) in the NBH environment. 
 In conclusion, alternative splicing of ERα is diverse and quantitatively significant 
in both zebrafish and killifish. Alternatively spliced isoforms are differentially regulated 
in tissues, during development, and in response to estrogen and EDC treatment in both 
species. Further, long-term exposure to EDCs is associated with altered variant profiles in 
both killifish adults and embryos from NBH, including the induction of deletion variants 
with the potential to act as dominant negative ERα proteins, and which are presumed to 
be playing a role in reducing estrogen responsiveness in this population. These results 
implicate alternative splicing as a possible novel mechanism of endocrine disruption. 
They further raise interesting questions about the effect of previous and subsequent EDC 
exposures in humans and wild populations, particularly with regards to hormone 
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